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A scattering chamber has been constructed which employs a number of radial slit units arranged at 
various angles with respect to the collimated beam of protons. A photographic plate is placed behind each 
slit unit and the tracks of protons which are scattered into the plate can be counted. To obtain cross sections 
from this apparatus the number of tracks per unit area must be determined. Protons were scattered from 
hydrogen gas at approximately 1.5-cm Hg pressure. Advantages of the design were relatively simple 
geometry, data obtained simultaneously at all angles, almost complete freedom from impurity-scattering, 
and short cyclotron running times. The differential cross sections were measured for 5.07-Mev protons 
from 14° to 150° in the center-of-mass system. The results indicate an S-wave phase shift of 54.5+0.6° 
and a repulsive P-wave phase shift of 0.05+0.09°. They are therefore quite consistent with pure S-wave 


scattering. 


I. INTRODUCTION 


IGH precisions have been reached in proton 

proton scattering experiments at energies attain- 
able in van de Graaff type ion accelerators. In the 
present work it was desired to extend the results to 
energies of 5 Mev and at the same time maintain a high 
order of precision. It was accordingly necessary to use 
a cyclotron as the accelerator and to determine the 
energy of the beam from it with considerable accuracy. 
Furthermore, because of the danger of fluctuating per- 
formance of the cyclotron, the beam energy measure- 
ment had properly to be made during the actual scat- 
tering runs. Finally, it was felt that a large angle range 
should be studied in the hope of observing effects of 
P-wave scattering. 

The use of nuclear photographic emulsions to record 
the tracks of scattered particles provides many ad- 
vantages. These include in particular the recording of 
data simultaneously at all the angles studied and a 
discriminating power between real and spurious tracks. 

The 45-inch cyclotron at Washington University, 
producing 5.1-Mev protons was the source of the high 


energy particles. 
Il. APPARATUS 


A semi-schematic diagram of the scattering chamber 
is shown in Fig. 1. Details of the construction can be 


* Assisted by the joint program of the ONR and AEC. 
t Now at Birmingham University, Birmingham, England. 
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read from the figure. The beam from the cyclotron 
enters the chamber through a collimator, and the 
protons not scattered end their flight in a Faraday cage 
collector located diametrically across the circular 
chamber from the collimator. The principal scattering 
of the proton beam occurs in the gas in the open region 
seen in the figure in the center of the ring-shaped 
element which occupies the larger part of the scattering 
chamber. This element contains a series of radial holes 
fitted with slit systems so that particles scattered 
near the center of the ring at the requisite angles will 
pass through the appropriate holes. By careful machin- 
ing and measurement, the angle-ranges covered by each 
slit system were determined with good precision. At the 
outer end of each hole, a block was mounted, tilted at 
a small angle, on which a nuclear emulsion plate could 
be placed to record as an emulsion track each particle 
that emerged from the corresponding slits at the given 
angle. 

Extensive tests were necessary to establish a col- 
limator design which would reduce adequately the 
number of particles scattered from slit edges and other 
metal surfaces. Some such scattering continued to 
appear at the small scattering angles, and a negligible 
amount resulting from multiple scattering from the 
walls at higher angles. The final design is shown in 
Fig. 2. 

The angles at which scattering could be observed 
were, on one side, at 7°, 11°, 16°, 21°, 30°, 40°, 50°, 60°, 
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Fic. 1. Plan and side elevation of photographic scattering chamber. 


and 70°. On the other side, the slits were equally spaced 
at 10° intervals from 15° to 165°. Comparison readings 
of scattering to the right and left, respectively, at the 
same angle value served to disclose any discrepancies in 
alignment or machining. 

The apparatus was initially aligned relative to the 
incoming beam from the cyclotron by removing the 
bottom of the Faraday cage and replacing it with a 
glass window coated with fluorescent material. When a 
fluorescing spot appeared accurately centered, the 
alignment was satisfactory. During actual runs, the 
Faraday cage was also fitted with an external permanent 
magnet providing approximately 500 gauss in the cage. 
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Fic. 2. Schematic of collimator and typical slit unit showing 
defining slits EK and baffle system FGHJLM designed to mini- 
mize slit scattering. Baffle M limits the cone of particles spraying 
from the edges of slit K to ~6°. 


This arrangement served to prevent escape of secondary 
electrons from the cage. 

A trap containing dry ice and acetone was attached 
to the main chamber. Its chief function was to freeze 
out the water vapor released by the photographic 
plates. A schematic of the vacuum system and gas 
filling controls is shown in Fig. 3. 

The use of silicone oil was an essential feature of the 
present design. No bypass for the diffusion pump was 
incorporated. Operation of the chamber involved cycles 
of loading, pumping out, exposing, and unloading. 
Hence, the oil was always hot when air was admitted. 
(Frequently the heaters were not even switched off.) In 
spite of this ruthless treatment over a period of several 
months, the silicone oil showed no deterioration. (It 
was, however, found necessary to use the Distillation 
Products Ion Gauge, Type VG-1A. Several other types 
of gauge were poisoned by silicone oil vapor.) 

With no plates present the chamber could be evacu- 
ated to 2X10-* mm Hg after several days of pumping. 
In order to keep plate background (gamma- and 
neutron-induced) as low as possible the cyclotron was 
never operated between loading the chamber and 
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commencing the scattering run. Hence, in the interest 
of economy of cyclotron time the prepumping period 
was kept as short as possible. With plates present, the 
trap filled and, allowing about three hours for pumping, 
the chamber vacuum was usually 1—-3X10-° mg Hg. 
The vacuum in the current collector space was ~ 10-* 
mg Hg. 


Theory 


Figure 4 represents an idealized geometry of one slit 
unit. Here it is assumed that the beam is of infinitesimal 
cross section, that scattering is studied in a plane bi- 
secting the slit height and containing the beam axis, 
and that scattering occurs at exactly angle ©. Then it 
can be shown that 


o(@)=n,Rh sinO/N..N 2b sinO = n_Rh- F/N.Ni, 


where o(Q) is the differential cross section in the labora- 
tory system, for scattering plus recoil at angle 0, nz is 
the number of proton tracks per unit area as determined 
from an element of area situated at distances h and R, 
respectively, from the slit A and the midpoint of the 
scattering length, ® is the angle between the surface 
of the photographic plate and the plane of the figure, 
26 the width of slit A, N.. the number of scattering 
protons per unit volume, and V; the number of incident 
protons. F could be calculated for each slit unit. (4 and 
R are more conveniently dealt with as h’+Ah and 
R’+AR, where h’ is the distance between slits A and 
D and R’ is the distance from scattering volume to 
slit D.) 

During the design of the chamber the magnitudes of 
26 and ® were juggled so as to maintain m, comparable 
at all ©, thereby avoiding having to give different 
exposures for different ranges of ©. Moreover, as scat- 
tering of charged particles is always so much more 
intense in the forward direction, this criterion did not 
clash with the desire to keep 25 small there in order to 
preserve good resolution. Another factor which in- 
fluenced ® was the range in photographic emulsions of 
protons at angle © because it was highly desirable that 
the protons come to rest in the emulsion, (Sec. V). 

When the particles have equal masses, as in the 
present case, the energy of a particle scattered or 
recoiling at an angle @ is related to the initial energy 
Ey by the relation E= Ey cos*@. Hence, £ for each slit 
was calculated and the expected range in emulsion 
read from a range-energy curve.! Energies and ranges 
are listed in Table I for Ey=5. 

The experimental cross sections were converted to 
cross sections in the center-of-mass system by 


o(0)=0(@)/4 cosO, 


where @ is the center-of-mass angle and @= 20. (Rela- 
tivistic effects are negligible at the energy of this experi- 
ment, 8B=0.1035.) 


1 Lattes, Fowler, and Cuer, Proc. Phys. Soc. (London) 59, 883 
(1947). 
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Fic. 3. Schematic of vacuum system and gas-filling controls. 
SC, scattering chamber; C, collimator; CC, current collector; 
BG, Bourdon gauge; AI, air inlet; T, trap; W, window; MV, main 
valve; M, manifold; R, reservoir; GB, gas bottle; OM, oil manom- 
eter; ODP, oil diffusion pump; FP, forepump; IG, ion gauge; 
TG, thermogauge. All valves except the main valve were Hoke 
sylphon-sealed, needle valves. 


I. GAS SUPPLY AND MEASUREMENT OF N.. 


Hydrogen was contained in a small cylinder con- 
nected to the vacuum system as shown in Fig. 3. It was 
admitted to the reservoir at a few pounds per square 
inch and thence to the chamber via a needle valve. No 
attempt was made to purify the gas. Highest purity 
commercially available hydrogen (99.8 percent) was 
purchased from the Matheson Company, Joliet, Il- 
linois. It was one of the principal advantages of the 
photographic chamber that preliminary purification 
was unnecessary, since spurious tracks were distin- 
guishable at most angles. 

Nee is the number of scattering protons per unit 
volume at the pressure and temperature of the experi- 
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Fic. 4. Idealized geometry of a slit unit for angle of scattering 0. 
Slit A defines (together with R and A) the length of the beam which 
can be seen by an infinitesimal area of plate. 
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ment.” The pressure was measured with a U-tube 
manometer filled with Apiezon B-oil. 


Vec=rN 1} Hpgs./1.01325 X 10%} - {273.18/7}, 


where r was the number of protons per hydrogen mole- 
cule, V; the Loschmidt Number (2.687 X 10'* cm-*), H 
the head of oil in cm, p the density of the oil at tem- 
perature T in g cm~*, gsy, the value of g at St. Louis 
(980.0), and 7 the temperature at which the experiment 
was conducted in °K. The constant in the denominator 
is the pressure of a standard atmosphere. Average values 
of H, p, and T had to be found for each run. 

The manometer was 1.5-cm glass tubing, long enough 
to register heads of 40 cm of oil. It was connected to the 
vacuum system as shown in Fig. 3, one side being 
pumped continuously. Large volume cylindrical ballast 
flasks and traps were provided to prevent oil from being 
blown through the system in the event of accident. 

The head H was measured by means of a vertical 
cathetometer set up on a rigid stand some 4 feet from 
the manometer and sighting through a vertical slit in 
the concrete fort surrounding the scattering equipment. 
Obvious checks were made for verticality of the 
cathetometer travel and horizontality of its telescope 
line of sight. Vertical travel of the cathetometer was 
100 cm, its vernier read to 0.01 cm without inter- 
polation, and with the oil meniscus properly illuminated 
settings were repeatable to 0.005 cm. 

The density p was measured as a function of tem- 
perature by weighing a known volume of oil in a 
specific gravity bottle at a temperature controlled by a 
water bath. The volume of the bottle was obtained over 
the same temperature range by weighing it filled with 
distilled water whose density is known accurately as a 
function of temperature. p for Apiezon B was found to 
be fitted, to three-figure accuracy, by the following :* 


p=0.882{1—0.00070(7— 273.18)}. 


Oil temperatures were measured during each run by an 
ordinary 0-100° mercury thermometer. The gas tem- 
perature was measured to 0.1° by a 20-35°C mercury 
thermometer manufacture and certified by the Parr 
Instrument Company, Inc., Moline, Illinois. Its bulb 
rested in a tube set into the lid of the chamber close to 
the scattering volume. 


IV. CHARGE MEASUREMENT AND N; 


To compute absolute cross sections it was necessary 
to know absolute .V,; values for each run. The current 
integrator measured the total charge appearing on the 
current collector and was the same as used with the 
coincidence scattering equipment.‘ For the present 
work it was used in its least sensitive arrangement, i.e., 


2 Atomic constants have been taken from Table VII of the 
article by J. W. M. DuMond and E. R. Cohen, Revs. Modern 
Phys. 20, 82 (1948). 

30. Beeck, Rev. Sci. Instr. 6, 399 (1935). 

‘Karr, Bondelid, and Mather, Phys. Rev. 81, 37 (1951). 
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potential applied to the 1-yf condenser shunted by the 
0.1 and 0.01 uf in series, the potential developed across 
the 0.1-uf condenser being measured by a Compton 
electrometer. The capacitances of all three condensers 
were measured by the Bureau of Standards for various 
charging rates in order to simulate the conditions of the 
experiment as closely as possible. The 1- and 0.01-uf 
condensers were charged to ~6 v and the 0.1 uf to 
~0.6 v in an interval ranging from 1300 to 1600 sec. 
Actual values of the capacitances were more nearly 
1.30, 0.108, and 0.0118 uf, respectively. (Exact values 
used for each run differed slightly according to the 
charging rate and were derived in each case from 
calibration charts based on the Bureau of Standards 
report.) 

Various checks were made on the corrections applied 
to the current integrator system (see Sec. VI of refer- 
ence 4). In addition, an independent check was made 
with the chamber loaded in the usual way but with the 
magnet removed from the current collector. Several 
plates were scanned and apparent cross sections 
derived. These appeared to be about 3 percent higher, 
presumably because of secondary electron effects. It 
has been assumed that the magnet eliminated this 
effect entirely. 

The value of e used when computing NV; from the 
total charge collected was 1.608X10~!* coulomb. 


V. PHOTOGRAPHIC PLATES AND SCANNING 


Ilford C2 plates were used, either 50 or 100, thick, 
the thicker emulsions being used at small angles where 
the proton range was greatest. The tracks formed a 
swath down the center of each plate, the blackening 
being just visible to the naked eye. Scanning was 
carried out by the writer with a Cooke binocular micro- 
scope at magnifications ranging from 500X to 1400X. 
The most useful objective for this work proved to be a 
45X fluorite of N.A.=0.95. 

The aim in scanning was threefold: (1) to determine 
the average number n, of proton tracks (of correct 
length) per unit area of surface of each plate; (2) to 
measure accurately a few hundred tracks in order to 
find the proton energy (Sec. VII); (3) to determine the 
number of spurious tracks per unit area of each plate. 

At most angles bona fide and spurious tracks could be 
distinguished at sight and (1) and (3) proceeded simul- 
taneously and rapidly. Under best conditions approxi- 
mately 3000 tracks were counted per day. At inter- 
mediate angles, e.g., 21, 25, and 30°, tracks could be 
distinguished ; but it was found advisable to measure 
the length of every track and plot a histogram. This 
was a tedious task requiring about one day per 500 
tracks. At still smaller angles the tracks could not be 
distinguished, so the total number was counted (Sec. 
VI) and this could again be done rapidly. 

To obtain m, it was necessary to count the number of 
tracks entering known area of the surface of the emul- 
sion. A known area was established in two ways (Fig. 5). 
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(1) The simplest procedure was to calibrate a con- 
venient fraction of the field of view of the microscope 
and count the tracks in that area, repeated many times. 
This was ideal when there were no spurious tracks or 
when they were much longer than bona fide tracks 
(Fig. 5A). An eyepiece graticule with a 7-mm square 
was used with a 10X Kellner eyepiece for much of the 
present work. 

(2) When bona fide tracks were too long for that setup 
a simple graticule (Fig. 5B) having a scale across one 
diameter was used. This scale was used in conjunction 
with the screw micrometer which moved the stage of 
the microscope in order to define an area of plate. By 
means of the X screw micrometer, the swath was made 
to move across the field of view so that each track 
could be examined, recorded, and (if necessary) mea- 
sured as it passed the scale. This arrangement was con- 
veniently flexible. The Y dimension could be selected 
and the magnification adjusted so that all tracks 
originating within the strip also ended in the field of 
view. 

Where possible both methods of counting were 
applied to the same plate and the results averaged. In 
(1) the area XY was found by calibration against a 
stage micrometer. In (2) the scale Y was calibrated 
against the stage micrometer, dimension X being the 
length of sweep as read from the screw micrometer. 

In the early stages of work with the photographic 
chamber some trouble was experienced because of the 
emulsions peeling off the glass plates when in vacuum, 
especially in the case of the 100-u plates. Ilford plates 
were found to be much less susceptible to this fault than 
Kodak plates and were used exclusively for the p-p 
work. Peeling, when it did occur, usually began with 
the lifting of the emulsion at the edges. Two devices 
were found helpful in minimizing trouble from this 
source: first, painting around the edges of each plate 
with lacquer to bind the emulsion firmly to the glass, 
and second, a “preselection” procedure. If in a pre- 
liminary pumping a plate did not peel within the first 
20 hours or so, then in general it would not peel during 
the run. 


VI. CORRECTION FOR IMPURITY SCATTERING 


The number of impurity tracks per unit area was 
determined at every angle where they were sufficiently 
longer than the bona fide tracks to be counted separately. 
This could be done completely reliably for @=21°, 
where the difference of track lengths was ~ 28u. Hence 
all cross sections for angles greater than 21° (Tables I 
and ITI) can be regarded as free from impurity scat- 
tering. However, corrections had to be applied at all 
smaller angles. 

Two control runs were made, the first with the 
chamber evacuated to ~ 10-5 mm Hg and the second 
with a small quantity of air deliberately admitted to 
the chamber. The first established the amount and kind 
of slit scattering at each angle, viz., a continuous spec- 
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Fic. 5. Typical fields of view showing how bona fide and spurious 
tracks were counted separately when the former were (A) much 
shorter than the spurious tracks, (B) of comparable length. The 
unit area for counting was X Y in each case. (Protons are supposed 
to have traveled in the direction 0-+100 of the scale.) 


trum (Fig. 6) having an end point sufficiently shorter 
than the bona fide tracks to avoid any confusion. The 
second established the shape of the scattering curve for 
air plus any organic vapors and water vapor present. 
(Absolute values were not obtained, merely the shape 
of the curve.) A plausible correction for impurity scat- 
tering at the smaller angles, 7° to 16°, could then be 
determined by comparison with the observations at 
larger angles. At the larger angles (Q>21°) impurity 
tracks could be distinguished and counted separately, 
so that their absolute number was known. If the ratio 
of the number of impurity tracks at larger angles to 
that at smaller angles follows the same rule that governs 
the shape of the scattering curve deliberately taken in 
air,® the actual magnitude of the impurity scattering 
could be calculated for each of the small angles. This 
has been done for the cross sections listed in Tables I 
and II. 
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Fic. 6. Histogram of bona fide and slit scattered (shown shaded) 
tracks at @=7°. On an average run slit scattered tracks were ~14 
percent of the whole at 7°, 7.5 percent at 11°, and a few percent 
or less thereafter. 


5 Over the range @=7 to 25° in the air scattering was very 
close to the Rutherford form: o(@)«(sin}@)~* although the 
method of application of the correction does not depend on this. 
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The above procedure is open to two objections. 

(1) Slit scattering may be modified by the presence 
of gas in the chamber during an actual p-f run. At 
least in principle it would be possible for protons to 
enter a slit unit after being scattered once by the gas 
and once by metal, instead of having to undergo three 
metallic collisions. It is difficult to estimate the im- 
portance of this effect. 

(2) The air may not necessarily be representative of 
impurity conditions during an actual run. Some im- 
purities enter with the hydrogen. However, it is difficult 
to image the presence of any atoms in sufficient numbers 
which would change the shape of the impurity curve; 
and this is the only way in which an error could be 
introduced. 


Vil. BEAM ENERGY MEASUREMENT 


The ranges of scattered protons in photographic 
emulsions were measured to give the beam energy. 
Ranges were converted to energies by means of the 
Rotblat curve® which supersedes the original data of 
Lattes, Fowler, and Cuer' (actually there is no sig- 
nificant difference between the two sets of data at 5 
Mev). 

(1) The beam at the end of the slit system was 
measured by scattering protons from a thin platinum 
foil into an Ilford C2 plate, and the ranges measured. 
This led to an energy of 5.11 Mev after correction for 
recoil of the platinum nucleus and loss of energy in the 
foil. (2) The beam energies assumed in the present work 
were based on measurements made on plates exposed 
to protons scattered by hydrogen during the actual p-p 
run, thereby removing the suspicion that the beam 
energy may have changed slightly between different 
runs and from day to day. The plate at 9=45° had 
= 3° so that the tracks lay almost flat in the emulsion 
and were ideal for measurement. (3) Plates placed at 
other angles gave more steeply inclined tracks, but 
horizontal range measurements were made and a cor- 
rection applied to give the true range R (R=//tan®, 
where / is the horizontal range measured). Measure- 
ments were thus made at a variety of angles from 
@=7 to 60°, which meant that energies were inferred 
from different positions of the range-energy curve. 

The beauty of this kind of energy measurement was 
twofold. First, it measured the energy at the scattering 
volume, so no correction had to be applied for energy 
loss in window and gas. Second, it determined the 
average energy during the run itself. The average energy 
calculated from all determinations of this kind was 
5.07 Mev with a probable error derived from the 
spread of the results at different angles and runs of 
+0.02 Mev. 

However, it must be emphasized that this does not 
include any systematic errors which may be involved in 
the use of the Rotblat curve. After correspondence 


6 J. Rotblat, Nature 165, 337 (1950). 
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with Dr. Rotblat it has been decided that 5.07+0.04 
Mev is a safe statement of energy. 


Vill. EXPERIMENTAL ERRORS 


The following is a review of every kind of measurement which 
had to be made, the instrument used, the standard the instrument 
was checked against and the probable error estimate of each 
measurement. It will be noticed that a large number of length 
measurements had to be made. Those on the chamber and con- 
cerning the apparatus were made at Washington University, 
St. Louis, U.S.A., while those on the plates were made at Bir- 
mingham University, Birmingham, England; and both sets had 
to be coordinated and related to a standard of length. Measure- 
ments on the chamber were based on a large Gaertner Comparator, 
capable of measuring to 10~* cm, while those on the plates were 
based on a glass stage micrometer (by Cooke, Troughton, and 
Simms, Ltd.) having a 1-mm scale subdivided into 100 parts. 
This scale’? was calibrated at the National Physical Laboratory, 
Teddington, England. 


Slit Widths (2b) 


For the p-p work 16 brass slits had to be measured accurately 
(@=7 to 75°). These were set on a Vee block, illuminated diffusely 
from behind and measured to 0.0001 cm with a small Gaertner 
traveling microscope. Each was measured from both sides; and if 
any bevel was detected on the slit jaws, the smaller dimension was 
taken. The probable errors, calculated from about 10 measure- 
ments on each slit, were ~0.2 percent, except in the case of the 7° 
slit, where it was about double this. The microscope was also used 
to check the centering of all defining slits with respect to their 
brass cylinders. 

Ring 

Internal and external diameters of the ring were measured with 
standard screw micrometers. The width of the ring was checked 
at a number of places with vernier calipers. (Micrometer and 
calipers were checked against the large comparator.) These 
measurements led to values of R’ and h’ for all but the 7° and 11° 
slit units, where a special micrometer had to be employed to 
measure the position of slit A. Estimated probable errors in R’ 
and h’ were each ~0.06 percent.® 


Head of Oil (H) 


The cathetometer (Sec. ITI) was checked against the large com- 
parator over its full travel. Other sources of systematic error in 
Hi are difficult to assess. What independent checks could be made 
indicated a probable error not greater than 0.1 percent. 


Density of Oil (P) 


The formula given in Sec. III has a probable error of about 
0.15 percent including the effects of the probable error in tem- 
perature measurement. 


Gas Temperature (7) 


T was measured at frequent intervals to 0.1°C and an average 
calculated for the run. However, there may have been a small 
7 All comparator measurements made in St. Louis were ulti- 
mately referred to this scale, which therefore becomes the final 
length standard for the present experiment. The distance between 
two scratches on a glass plate was measured, initially in St. Louis 
with the comparator and subsequently in Birmingham relative to 
the 1-mm standard. 

8 Some higher order errors caused by the geometry may have 
persisted. It is very difficult to estimate residual errors of this 
kind, but they are believed to be of the order only of 0.01 percent 
or less. 
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TaBLe II. Final values of the cross section with statistical errors. 





@(@) X10* cm? steradian™! 
Run 2: Run 3: 

April 8, 1949 April 9, 1949 
7.86(?) (2699) 7.21(?) (1523) 
1.59 (1491) eve 
0.990 (2672) 

(1015) 


Run 1: 
April 7, 1949 





1.53 
0.961 s 
0.944 
0.920 


ees. 


(1713) 


(1377) 
(1414) 


(1069) 
(988) 
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The figures in parentheses are number of tracks. 








systematic difference between the temperature at the thermometer 
and that at the scattering volume. A discrepancy of 0.3°C in the 
average temperature would correspond to an error in Ne of 0.1 
percent. 


Measurement of Angles 


Two sets of angles © and @ had to be measured accurately. A 
probable error of 0.07° has been assigned to @ and 0.02° to ®. 
Since it is sin@ which enters, this could introduce probable errors 
in @ of 0.12, 0.10, and 0.07 percent for ®=14, 17, and 25°, respec- 
tively. 


Plate Scanning 


A purely statistical error entered at each angle due to the finite 
number of tracks counted (Table I). Standard deviations of the 
final figures (Table II) were between 1.1 and 2.5 percent. A sys- 
tematic error could also enter in calibration of the microscope. 
The probable error in absolute magnitude of m_ from this source 
was believed to be not greater than 0.5 percent. Relative mg values 
should be much less influenced by this error, possibly by 0.1 or 
0.2 percent because of small day to day variations in microscope 
calibration which seem to occur (presumably associated with 
small thermal changes affecting the microscope magnification). 


N; Measurement 


This introduced the largest single error in absolute cross 
sections, chiefly contributed by uncertainty in capacitance values. 
The probable error assigned to N; was 1 percent. However, as all 
plates were exposed simultaneously, relative cross sections are 
independent of this error. 


Combination of Errors 


The above errors have been combined in the usual way (ZA*)}. 
Some of them affect only absolute cross sections, but others affect 
relative cross sections also. The probable error in relative values, 
excluding the statistical error, is ~0.3 percent, which must be 
combined with the statistical error at each angle. The probable 
error in absolute value of each cross section was ~1.2 percent 
apart from the effect of the statistical error. 


Multiple Scattering Effects 


The gas pressure in the chamber was kept low deliberately in 
order to avoid multiple scattering corrections. Two aspects were 
examined carefully. (1) Spread of the beam through the chamber. 
If this became large enough, it endangered collection of the total 
charge by the Faraday cup. (2) A proton which has suffered a 
large angle collision so as to cause it to enter one af the photo- 


Standard 
deviation 


(percent) pilE, @) be 


— 20.68 56.3 44.2 
—7.516 54.81+0.81 
—3.715 $4.95+0.41 
—3.185 $4.45+0.55 
— 1.784 54.30+0.77 
—1.553 54.86+0.55 
—0.8931 54.58+0.35 
—0.4254 54.77 +0.41 
—0.1696 54.50+0.36 
—0.0399 $4.24-+0.37 

vee 55.3 +1.8 


@(0) X10% 


7.62(?) (4222) 
1.56 (4227) 
0.976 (6672) 
0.928 (3578) 
0.892 (1611) 
0.911 (3127) 
0.921 (7974) 
0.949 (6462) 
0.957 (8911) 
0.958! (8787) 
0.99(?) (351) 
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graphic plates may be multiply scattered and lost. This process 
has a probability which varies as E~*, where E is the energy of 
the scattered proton and so should become important at large 9. 
Calculations showed both (1) and (2) to be unimportant for the 
present design of chamber, energy, and gas pressure. Consideration 
(2) might have become important if angles beyond @=70° had 
been studied; but proton tracks were, in any case too short to 
count reliably beyond this angle, so that the question did not 
arise. The situation is helped, so far as (2) is concerned, by the 
fact that the multiple scattering process is self-compensating. 
There is an equal probability (to a good approximation) that 
protons which should have entered the plate have been multiply 
scattered out and lost and that protons which should not have 
entered the plate do enter because of multiple scattering into it. 


IX. RESULTS AND DISCUSSION 


The results of each plate scanned, after all corrections 
have been applied, are displayed in Table I. The total 
number of tracks counted was 56412. Cross sections 
were examined for symmetry about the @=90° angle 
and found to be satisfactory. Data at @ were then 
combined with those at r— 6, and the final cross sections 
listed as a function of @ in Table II together with their 
statistical errors. 

In order to facilitate comparison with other low 
energy and medium energy p-p work, the present 
results have been treated along the lines adopted by 
Jackson and Blatt.* Apparent S-wave phase shifts 5, 
(defined by 5a= 59+ 151+ oda, where do, 51, 52, are the 
S-, P-, and D-wave phase shifts, respectively, and 
pPn=(d0/06,)/(d0/d5o) were calculated from 


26,.=sin—[sinw—Q cosw((o(0)/ou(8))—1) ]—w, 


where the notation is that of Jackson and Blatt. 
5a-values are listed in Table II. p;-values were cal- 
culated for each @ of the experiment, and Fig. 7 is a 
graph of 6, as a function of ,. In this figure the limits 
of error drawn about each point were obtained by com- 
bining the statistical error with the probable error 
computed from all sources which affect relative cross 
sections. 

It is apparent that the data are consistent with pure 
S-wave scattering. The point at 0=14° is of too low 
accuracy to contribute to the conclusions. The 6,-values 


9J. D. Jackson and J. M. Blatt, Revs. Modern Phys. 22, 77 
(1950). 
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Fic. 7. Apparent S-wave phase shifts vs p, (E, 0) for E=5.07 
Mev. The value at @=14° is too uncertain to be of any use, and 
the value at 90° has been omitted because of poor statistics. The 
remaining points are fitted best by a small repulsion in the 3 state, 
viz., as indicated by the broken line 6;= —0.05°. The data could 
be fitted, however, by any 5:-value between the extremes, also 
drawn in, 6:=—0.14° and +0.04°, and is obviously consistent 
with no P-state interaction. Curve A indicates the distortion in 5, 
which would result if scattering were pure S-wave, but the energy 
had been overestimated by 0.8 percent when computing 4.. 


at other angles have been examined by the method of 
least squares and found to be represented best by a 
slight P-wave (repulsive) as follows: 6,= —0.05°; but 
the uncertainty on this is +0.09°. There is little doubt 


that the P-wave effect is zero at 5 Mev, especially in 
view of the recent work at 340 Mev (and lower energies) 
carried out at Berkeley, none of which indicates any 
departure from isotropy. The best value for the S-wave 
phase shift at 5.07 Mev, as derived from the above data, 
is 54.5° with a probable error of +0.6°. This result is 
in good agreement with that of Meagher"® (54.7+1.0° 
at 4.94 Mev). 

At the small angles studied in the present experiment 
considerable error could result in 6, from small sys- 
tematic errors in energy measurement. The probable 
error in E claimed in Sec. VII is 0.8 percent. 
Ar=0.008E(05,/0E). (see Jackson and Blatt'), is the 
change in 6, due to a 0.8 percent change in E. Ag has 
been calculated for the various @-values and is repre- 
sented by the dotted curve (A) of Fig. 7. It is thus seen 
that overestimating the energy by the probable error 
quoted could easily account for the slight negative 
5,-value suggested by the data. 

The interest of Professor A. L. Hughes in this and 
other projects was encouraging stimulus to the writer 
during his stay at Washington University. The suc- 
cessful operation of the chamber was due largely to the 
skill of Mr. O. Retzloff and his workshop staff. Thanks 
are due also to the cyclotron crew for continued coopera- 
tion and especially to Mr. B. Phillips for the considerable 
amount of unscheduled operating time given to the 
project. 

In particular the writer wishes to express his appre- 
ciation to Professors Oliphant and Moon for their 
courtesy in permitting this work to be completed at the 
University of Birmingham, England while the writer 
was there on an Imperial Chemical Industries Fel- 
lowship. 

10 R. E. Meagher, Phys. Rev. 78, 667 (1950). 
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Genera! formulas for the cross section for the 2!'-pole excitation 
(or disintegration) of a nucleus by the electric field of a non- 
relativistic positively charged projectile have been obtained by 
using the Born approximation; the finite size of the nucleus has 
been taken into account. For electric dipole and quadrupole 
excitation a more accurate evaluation has been made in which 
the initial and final states of the charged projectile are described 
by the exact coulomb field wave functions. 

The cross section for electric 2'-pole excitation of a nucleus by 
the field of a charged projectile is proportional to the corresponding 
photo-excitation cross section; the proportionality factor may be 
interpreted as the number of virtual electric 2'-pole quanta in the 


I. INTRODUCTION 


HEN target nuclei are bombarded with positively 
charged projectiles, nuclear excitation or disin- 
tegration may take place by either of two competing 
processes: (1) A direct nuclear interaction may take 
place in which the projectile enters the nucleus, thereby 
forming an excited compound nucleus which decays by 
the emission of a y-ray or a particle; or (2) the target 
nucleus may be excited or disintegrated by the electro- 
magnetic field of the charged projectile. Under condi- 
tions most favorable for electromagnetic excitation, the 
cross section for process (2) should be given roughly by 
the product of the fine structure constant (e?/Ac= 1/137) 
and the photo-excitation cross section. 

Thus, generally speaking, we may expect the excita- 
tion by direct nuclear interaction to be more probable 
than excitation by electromagnetic interaction. How- 
ever, we may expect transitions induced by electromag- 
netic interaction to play a significant role if either of the 
two following conditions is fulfilled: (1) The transition 
energy is small compared to the coulomb barrier 
energy. In this case the excitation energy can be supplied 
by electric interaction even though the projectile misses 
the nucleus by several nuclear diameters. (2) Because 
of special conditions the probability of excitation by 
direct nuclear interaction is small. 

The smallness of the cross section for the ‘‘electric 
excitation” of nuclei by positively charge projectiles has 
made experimental detection difficult, with the result 
that although the electric excitation process has been 
looked for in the past! only recently has rather clear-cut 
evidence for the occurrence of this process been ob- 
tained. This evidence has been obtained in the inelastic 
scattering of deuterons.?* In this case electric transi- 


* Supported in part by the ONR. 

1 Lark-Horovitz, Risser, and Smith, Phys. Rev. 55, 878 (1939). 
E. H. Rhoderick, Nature 163, 848 (1949). H. V. Halban, private 
communication (unpublished). 

2 Greenlees, Kempton, and Rhoderick, Nature 164, 663 (1949). 
3J. R. Holt and C. T. Young, Nature 164, 1000 (1949). 


field of the charged projectile. In the electric dipole case, the cross 
section for the inelastic scattering of a charged projectile is shown 
to be proportional] to the cross section for the production of con- 
tinuous x-rays by deflection of the projectile in a coulomb field. 
Thus a relation is established between the virtual quanta repre- 
senting the coulomb field of the projectile and the real quanta of 
the x-ray spectrum corresponding to the scattering process. 

The theory of electric transitions has been applied, in some 
detail, in a discussion of two cases in which it seems likely that 
these transitions play a significant role. These two cases are (1) the 
inelastic scattering of deuterons and (2) the electric break-up of 
the deuteron when it “collides” with a target nucleus. 


tions may be expected to play the major role because 
once a deuteron enters the nucleus, the probability that 
a deuteron will be emitted is very small; and the much 
more probable event in which a single nucleon is 
evaporated from the excited compound nucleus does not 
yield an inelastically scattered deuteron. We shall show 
that the angular distribution of the inelastically scat- 
tered deuterons obtained experimentally agrees with 
that to be expected on the basis of electric transitions. 
A second example of a reaction involving deuterons in 
which electric transitions may play a significant role is 
the stripping process. This process, in which one of the 
nucleons is stripped off the deuteron as it passes the 
nucleus, may be due to electric interaction or to direct 
nuclear encounter of one of the nucleons of the deuteron 
with the target nucleus. 

The excitation of a nucleus by the electromagnetic 
field of a charged projectile is very closely related to the 
corresponding photo-excitation. This relation is seen 
readily if one uses the quantum-mechanical analog to 
the semiclassical method of virtual quanta.‘ The cross 
section, o., for excitation by the electromagnetic field 
of a charged projectile can be written in terms of the 
photo-excitation cross section, ¢™, as follows: 


o(E;, E)= N(E;, E)o™(£), (1) 


where £ is the excitation energy, E; the energy of the 
incident projectile, and \(E,£;) is the number of 
virtual quanta (per unit energy) of energy E in the 
electromagnetic field of the charged projectile which 
are available for producing the transition. If the final 
energy level lies in an energy continuum (as in the case, 
for example, when a disintegration is produced), the 
cross section for the transition is obtained by integrating 

‘The quantum mechanical analog of the method of virtual 
gr) has been used by E. Guth and C. J. Mullin [Phys. Rev. 
6, 234 (1949) ] to describe the disintegration of nuclei by electrons 
in the Born approximation. A general discussion of the method, 


also in the Born approximation, has been given by M. Lax and 
H. Feshbach (unpublished). 


141 








142 Cc. J. MULLIN 


over all permissible transition energies: 
o.= [Nowar. (2) 


The number of quanta, N(E, E;), is given by a matrix 
element involving only the projectile’s coordinates and, 
therefore, is independent of specific assumptions made 
in choosing a model for the nucleus. 

In the past, recognition of electric excitation has been 
hampered by the lack of an adequate theory. Crude 
estimates of the cross section for electric excitation have 
been given by Landau® and Weisskopf.* An exact 
formula for the total cross section in a special case has 
been given by Guth’ who employed Ehrenfest’s 
theorem to reduce the rather complicated electric 
matrix element to the matrix element for the production 
of bremsstrahlung by a particle deflected by a coulomb 
field. 

The principal objective of the present paper is to 
give a detailed treatment of the excitation and disin- 
tegration of nuclei by the electric field of nonrelativistic, 
positively charge particles. This treatment should 
facilitate comparison of theory with experiment. In Sec. 
[I-A formulas for the cross sections for electric 2'-pole 
excitation are developed using the Born approximation. 
Since the coulomb deflection of the projectile should 
decrease the overlap of the projectile’s wave functions 
occuring in the electric matrix element. the Born ap- 
proximation should yield an upper limit for the correct 
electric excitation cross section. In Sec. II-B, cross 
sections for electric dipole and quadrupole excitation 
are developed by using the exact coulomb wave func- 
tiorls to describe the initial and final states of the 
charged projectile. The quantum mechanical analog of 
the method of virtual quanta is applied to the electric 
excitation of nuclei by nonrelativistic positively charged 
projectiles in Sec. III of this paper; expressions for the 
numbers of electric dipole, quadrupole, and octupole 
quanta in the electric field of the charged projectile are 
derived. In the electric dipole case, the relationship is 
established between the virtual quanta representing the 
coulomb field of the charged projectile and the real 
quanta of the x-ray spectrum corresponding to the 
scattering process. In Sec. IV the theory of electric 
excitation is applied to the electric break-up of the 
deuteron in flight. In Sec. V the theory of electric transi- 
tions is applied in a detailed discussion of two cases in 
which it seems likely that these transitions play a sig- 
nificant role. These two cases are (1) the inelastic scat- 
tering of deuterons and (2) the electric break-up of the 
deuteron when it “collides” with a target nucleus. 


5 L. Landau, Physik. Z. U.S.S.R. 1, 88 (1932). 

® V. Weisskopf, Phys. Rev. 53, 1018 (1938). Weisskopf assumes 
the projectile’s wave functions to be constant over the region 
extending from the classical turning point to infinity. 

7 £. Guth, Phys. Rev. 68, 280 (1945). 
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II. CROSS SECTIONS FOR ELECTRIC EXCITATION 


In this section we shall develop the theory of the 
excitation of a nucleus by the coulomb field of an 
incident, nonrelativistic, charged projectile. 

Cross sections for the excitation of a nucleus through 
the interaction of the electromagnetic field of relativistic 
electrons with the electric dipole, magnetic dipole, and 


the electric quadrupole moments of the nucleus have 


been obtained by Wick.’ In the nonrelativistic limit 
Wick’s results differ from ours because he neglected the 
finite size of the nucleus. We shall assume that all 
projectiles which penetrate into the nucleus give rise 
to nonelectric processes. Since we wish to exclude all 
nonelectric processes from our considerations, we shall 
set the interaction between the projectile and the 
nucleus equal to zero when the projectile is within a 
certain distance, ro, from the center of the nucleus. This 
distance will be taken as the sum of the “radii” of the 
nucleus and the projectile. The extended range of 
nuclear forces also modifies the projectile’s wave 
functions outside the nucleus. This latter effect plays a 
significant role only in the angular distributions of par- 
ticles scattered through rather large angles and will be 
neglected here. 

We neglect the nonzero extension of the charge dis- 
tribution of the projectile. This procedure is correct 
when the projectiles are protons, but is an approxima- 
tion when deuterons or a-particles are used. Thus the 
interaction between the nucleus of charge Ze and the 
projectile of charge ze is given by 


V=0 

Zz ze” 
V=>> ——_ r2>n, (3) 
mi |r—-R,| 


r<ro, 


where r is the coordinate of the projectile, and R, is 
the coordinate of the uth of the Z protons in the 
nucleus. Making the multipole expansion: 


Zz D 
V= > > (se?/r)(R,/r)"P,[cos(r, R,)J=2 Vi, (4) 


where (r, R,) is the angle between the vectors r and R,. 
The n=/ term of this series gives the interaction between 
the projectile and the electric 2'-pole moment of the 
nucleus and gives rise to electric 2'-pole transitions. If 
we assume that the nuclear states are classified by 
parity and angular momentum, the terms in the series 
can be considered separately. 

We shall work in the center-of-mass coordinate 
system. Using first-order perturbation theory, the cross 
section for an electric 2'-pole transition is 


do /dQ=[24/h(2j74+1) JX | (x2b| Vil xa) |2, (5) 
a,b 


where V; is the interaction between the projectile and 
the electric 2'-pole moment of the nucleus, x; and x2 


8G. C. Wick, Ricerca Scient. XI, 49 (1940). 
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are the initial and final states of the projectile (nor- 
malized, respectively, to unit flux and unit energy), @ 
is one of the 2j4+1 initial nuclear states belonging to 
the initial level A, and 6 is one of the 2js+1 final 
nuclear states belonging to the final level B. The in- 
tegrals over the projectile’s coordinates extend from ro 
to infinity. 

In the usual case, in which the nuclear momerits are 
randomly oriented, the angular distribution of the 
inelastically scattered particles is symmetric about the 
direction of incidence of the projectiles. In all cases 
which we shall consider it is possible to choose a direc- 
tion in terms of which the product x2*x1 has axial sym- 
metry. Taking this axis of symmetry in, say, the n 
direction, and using the addition theorem for the 
Legendre polyomials, the matrix element occuring in 
Eq. (5) can be factored, and we obtain 


do /dQ=[24/h(2j4+1)]Maz*M,’, (6) 


where 


Zz 
Mazs?=>|(6| X R,'Pifcos(n, R,) }|a)|? 
a,b p=1 


and 


M2?= | (x2| 2e*PiLcos(n, r) ]/r'*"! x1) | *. 


The electric 2'-pole photo-excitation cross section 0,” 
is proportional to M48”. Writing 0) = 8M 48*/(2j4+1) 
o.= (220; / ns) { Mra. 


The number of virtual electric 2'-pole quanta in the 
electric field of the projectile is thus given by 


Ni= (2n/hp) [ Mutda. (7) 


(A) Cross Sections in the Born Approximation 


In the Born approximation the incident and scattered 
particles are represented by plane waves with wave 
numbérs k; and ke, respectively. The cross section for an 
electric cro transition is given by 


do =(35) = 


“M4 BM ;,? 
2jat 1 


(8) 





dr| , 


Mate J exp(iK- r)- Pi{cos(K, r) ] 


yitl 


{2 


Maz? 5] 0) R,"P{cos(K, R,) ]|@)| , 


@,b| y=1 
n= 2Ze"/hr, 
K=k,—kz, K= | K| = { ky?+ ko? — 2k ke cos6} 4, 


where @ is the scattering angle in the center-of-mass 
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system. The integral over the particles coordinates can 
be carried out readily and yields 


My2=169°K2-® j1_1(Kro)/(Kro)*' 


jq(x) is the spherical bessel function of order q. 
The cross section for electric 2'-pole excitation is then 


ny kike fi-(Kro) P 
~=4(~ ) ea | Ma B’ 
dn atl (Kro)'* 

The angular distribution is given by the factor 
K?\'-*)[ j,_1(Kro)/(Kro)'“ >. The effect of the finite size 
of the nucleus on the angular distribution shows up in 
the factor in brackets. If one allows rp to go to zero, this 
factor becomes a constant, and the angular distribution 
is given simply by the factor K*(~), 

On integrating over all angles of scattering, one has 


o=82(m/Z)?M 48°B,/(2j4+1), 


(9) 





(10) 
where 
(hitha)re j)_12(y) 


21-2 
(ki —k2)ro y 


The integration for B,; can be carried out, but the 
general result is rather complicated and will not be 
given here. For /=1, 2, and 3 we shall obtain relatively 
simple expressions for B;. 

From the transformation properties of P;[cos(K, R)] 
it is evident that the square of the nuclear matrix 
element (M.s*) is proportional to the sum of the 
squares of the elements of the irreducible (traceless) 
multipole moment tensor for the 2pole transition 
A—B. In the following paragraphs we shall evaluate 
Maz’ in terms of the multipole moments for dipole, 
quadrupole, and octupole interactions. 


(1) Electric Dipole Transitions 


We introduce the electric dipole moment of the 
nucleus, D, which has the cartesian components 


Zz 
=e) X,. 
p= 


The cross section for electric dipole transitions is ob- 
tained by setting /=1 in Eq. (9). If we average over all 
directions of R, we obtain 


{| RaPiCeost, RoI) | =4/D/2. 


J aw 
Hence, for randomly oriented nuclear moments 


M az°=Da3"/3, 
=2 21 (b| Ds |a)|? 


where 
Das’ 


is the square of the electric dipole moment of the 
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nucleus for the transition A—+B. Thus, for electric 
dipole transitions 


da 4/m\? Dap? hike 
~=-(“*) eevee jo*(Kro), 
dQ 3\ZF 2jst+1 K? 


8x nN; 2 Dap’ 
one 
a Ne 


2jatl 
B,= f(2(kitke)ro]— fL2(ki— e)ro J, 


f(x) =Ci(x)+ (cosx—x sinx— 1)x*. 


1; 


where 


Ci(x) is the cosine integral: 
Zz 


Ci(x)= -{ (cost/t)dt. 


T 


The relatively complicated function B, can be ap- 
proximated in a very simple way in certain cases of 
physical interest. Thus in the case that 2(&1+2)ro is 
small compared to unity, 


B,=In[(kit+ ke) /(ki— Re) J. 


In the physically important case that 2(ki—k2)ro1 
and 2(ki+k2)ro>1, 


B\=In[e ‘2y(ki— k»)ro], 


where e=base for natural logarithms, Iny=Euler’s 
constant: y= 1.781. It is interesting to note that the 
last formula yields a total cross section which differs 
very little from that which is obtained by using a 
point nucleus in performing the integrations over the 
projectile’s configuration space and taking account of 
the nonzero size of the nucleus by limiting the recoil 
momentum imparted to the nucleus to values <h/m. 
This latter procedure, which has been used by Dancoff® 
in describing the electric break-up of the deuteron, 
yields the result 


B, = Inf ‘(ki- ko)ro |, 


which is just slightly larger than our value of B,. 


(2) Electric Quadrupole Transitions 


The differential and total cross sections for electric 
quadrupole transitions are obtained by setting /=2 in 
Eqs. (9) and (10). We introduce the quadrupole 
moment tensor Q which has elements Q,;=2x;x; and the 
irreducible quadrupole moment tensor Q’ which has 
elements Qi;’=Qi;—4/6;;, where [=2x°+y’+:" is the 
trace of the quadrupole moment tensor. From the 
transformation properties of P2{cos(K, R) ]-it is evident 
that the square of the nuclear matrix element, M42’, is 
proportional to 04”, that is, proportional to the square 
of the traceless quadrupole moment for the transition 
A—B. 

»S. M. Dancoff, Phys. Rev. 72, 1017 (1947). 
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The elements of the quadrupole moment tensor 
satisfy the equation: 


La Qi,’ t= ¥ Dl Qis!®. 
Since averaging over all directions of the vector R yields 
[{R*P2[cos(K, R) }}* w= 3 Ds|Qui|*=15 Dis] Qu’ |*, 


it follows that for randomly oriented nuclear moments 


Maz°= 3043” 10, 
Qas?= 2D! (610,,'1a)|? 
a,b i; 


where 


is the square of the traceless quadrupole moment for 
the transition A4A—+B. Consequently, from Eq. (9) we 


obtain 
Qas”? plAro) P 
OMY op | 
dQ 5N\Z atl Ary 


m\* Qaz”? 
Pare. 
Z 2jat1 


B,= F[2(ki+ k2)ro]— F[2(ki— ke) ro}, 


(13) 


F(x) = (2/ro2x*)[cosa+x sinx— 1—4x?]. 


In certain cases of physical interest, simple approxima- 
tions for B, can be obtained. Thus, if 2(ki+2)ro<1, 
Box=2kyke .- 2(ki— ke) ro <1 but 2(kitke)ro>1, 
B1/4r,?. Use of a cutoff in momentum space rather 
than in configuration space leads to the value B, 
1/18r,* in this latter case. 

It is of interest to note that our quadrupole cross 
section is proportional to the square of the traceless 
quadrupole moment, Q4#”. Wick,® on the other hand, 
obtains a cross section which contains a term propor- 
tional to Q4z” and a second term proportional to the 
square of the trace of the quadrupole moment ‘tensor 
(I4z"). This latter term, which corresponds to a 
‘‘monopole” interaction, and which gives rise to j7=0— 
=0 transitions, occurs nowhere in our cross sections 
because we have deleted the region occupied by the 
nucleus from the projectile’s configuration space. The 
manner in which the monopole term enters into the 
cross: sections can be seen easily by extending our 
integrations over the projectile’s configuration space to 
include the region occupied by the nucleus. In this case 
the cross section is 


do 4 (= ) : kik» 
dQ 2jati\z/] K‘ a 
The exponential can be expanded in a Taylor series or 


in a series of spherical harmonics. The Taylor series 
classifies terms according to powers of K-R. The 


2 


Zz | 
(0 > exp(iK-R,) ) ‘ 
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(K-R)' term mixes together terms corresponding to 
electric 2'-pole, 2'~*-pole, 2'~‘-pole, etc., interactions. 


Thus (K-R)?= 4K?R?{2P.{cos(K, R) ]+ Polcos(K, R) }} 


yields a term which corresponds to quadrupole inter- 
action (P2) and a term which corresponds to a monopole 
interaction (Po). The pure quadrupole interaction 
yields a cross section proportional to Qa»”; the mono- 
pole interaction gives a cross section proportional to 
I 4°. Similarly, 


(K-R)*=}K*R*{2P,[cos(K, R) ]+3P,[cos(K, R) }} 


mixes octupole and dipole interactions. The pure electric 
2'-pole interaction always yields a cross section ex- 
pressible in terms of the elements of the irreducible 
2'-pole moment tensor. If the exponential exp(iK-R) is 
expanded in a series of spherical harmonics: 


exp(iK-R)=> i*(2/+-1)P,{cos(K, R) }j,(KR), 


l=0 


the /th-order term of the series corresponds to the pure 
electric 2'-pole interaction. In this series the monopole 
transitions arise from the /=0 term, the dipole transi- 
tions from the /=1 term, etc. 


(3) Electric Octupole Transitions 


The differential and total cross sections for electric 
octupole transitions are obtained by setting /=3 in 
Eqs. (9) and (10). We introduce the octupole moment 
tensor S with elements S,j;,=x,«;x,, and the irreducible 
octupole moment tensor S’ with elements S’ j= xxx, 
— }(xjdj.+xj64:+2,6;;). From the transformation prop- 
erties of P3[cos(K, R)] it is evident that the square of 
the nuclear matrix element, M@4,*, is proportional to 
Sap”, where 


(6) S’ sin} a){? 
k 


Sas?=> > 
hs 


abi 


is the square of the irreducible octupole moment tensor 
for the transition 4A—B. The elements of the octupole 
moment tensor satisfy the equation 


De Sin |?= | Suse? 


ijk ijk 
Since averaging over all directions of R yields 
[{R*Ps[cos(K, R) }}? Jn 
= (1/7) Die! Sul ?= (S/14)20| Sin! *, 


ijk 
we obtain, for randomly oriented nuclear moments, 
Ma, r= (5 ‘14)S, pn’. 
Thus from Eq. (9) 


da 10/m\? Sap”? jf Kro) 7 
dQ 7N\Z 2jat1 Lb (Kn)? 
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and 
20x ny : S4 Bb” 
c= ( ) B 
7TAZS 241 


By= o[2(bi+ ke)ro]—o[ 2(ki— he) 0], 


with 


? 


48 3 x 
o(x) = I(: - *) cosrt (1- 
ro'x® 8 24 
ss 
-( fog ) 
8 48 


In certain cases of physical interest simple approxima- 


tions for B; can be obtained. Thus if 2(&,+42)ry <1, 
B3=(2/225)kiko( ke +2). If 2(ki— ke) ro <1, but 


2(kitk2)ro>1, B;=1 12ro'. 
(B) Electric Dipole and Quadrupole Excitation 
Using Coulomb Field Wave Functions 


(1) Electric Dipole 


In this section we shall give a more accurate treat- 
ment of electric dipole excitation, using the exact 
Coulorab wave functions to describe the motion of the 
projectile." The motion of the incident projectile is 
described by a coulomb wave asymptotic to a plane 
wave moving in the direction k; plus an outgoing 
spherical wave; this wave function is normalized to 
unit flux. The scattered projectile’s wave function is 
taken as a Coulomb wave asymptotic to a plane wave 
moving in the k, direction plus an incoming spherical 
wave; this wave function is energy normalized. The 
wave functions are 

x1 = Vy, exp(iky: r) Lint (p1) = NViiU1, 
Nyp=(2emn,/hky(e?*™"'—1) }}, 
x2= Vx exp(ike: tr) L-ine(— px) = NV eV 2, 
Ve=[mkono/(29)*h*(e2*"—1) }}, 
with p,:=i(kr—k-r), and p,=i(kr+k-r). L,(x) is the 
Laguerre function (S-119) and is a special case of a 
confluent hypergeometric function: L,(«) = F(—g, 1, x). 

Using these wave functions, the cross section for an 

electric dipole transition may be obtained from Eq. (5): 


do 2x Dz,p’ se*x, 2 
- we oa pS (x: «) . 
dQ sh 3(2ja+1) I r* | 


To simplify the calculations we shall neglect the exten- 
sion of the nucleus in the integration over the projectile’s 


(18) 


A. Sommerfeld, Alombau und Spektrallinien (II Band, F 
Vieweg and Sohn, Braunschweig, 1939). Hereafter, references to 
this book will be given as S followed by the appropriate page 
number. 
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configuration space. However, we shall take this exten- 
sion into account after integration. f 

The matrix elements occurring in (18) can be sim- 
plified by use of the equation of motion (Ehrenfest’s 
theorem) for a particle moving in a Coulomb field. The 
force acting on such a particle is given by 


F2;= mé;= — O(2Ze?/1)/0x;= 2Ze*x;/r°. 


Using this relation and the relation between the operator 
x; and its time derivative, we have 


2e2x;| 1 | fs) aZe?| m 
(o} )=-=( x] — |x) = —(x2| #;| x1) 
| 3 b \ox;, r | Z 


m { Es—E,\? ; 
=- (==) blo 
rf h 


Thus the matrix elements in (18) can be reduced to the 
well-known matrix elements for the production of 
bremsstrahlung by a charged particle scattered in a 
coulomb field. 

In terms of the wave functions 


U,=exp(iky: r)Lini(p1), U2=exp(ike: r)L—in2(— pe) 


and the matrix elements 
Mz,= (U2| x;| U)), 
the cross section can be written as 


4 Ro (E2— E,)4 
espns va exp[ —2x(m1+ 72) | 
rr 


Daz* 
aS Bel % 
Qjatl1 


where 


=? 


A (1, 2) = 241, 2)/ 1—exp(—271q,2)). 


The matrix elements, Mz;, have been evaluated by 
Sommerfeld. Taking the x-axis in the k; direction and 6 
as the scattering angle, the results are (S-502 and 509) 


=C{i(ny—n, cosd)F 


+(1 —cos@)(1—«)F’}(1—x)-™ - ing—1 
(19) 


osd 
sin6[ in, F+(1—2x)F’] 
sing 

- 4 (a —x)7im — ing—l 
where F=F(—im, —ine,1,x) is the hypergeometric 
function, 
k») | sin?36 


F’=dF/dx, x= —[4kyke/(ki— 


kit+k, i(nit+na) 
Aaa) 


and 


kik 
(hi? — ke*)?(Ri— 





C=—167e™ 
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Hence the cross section is given by 
da 4A,A,e~**"2* kh, Ry*ko? Dap? 
dQ 3 a ky (ki—2)* 27a +1 
- { | (m2—m, cos6)F+ (1—cos@)(1—x)F’ |? 





+sin’6|in)F+(1—x)F’|?2}. (20) 
Still disregarding the finite size of the nucleus, this ex- 
pression can be integrated over all angles of scattering 
(S-526), yielding the total cross section: 


Qn . A A oe 2* "2 Ry Das’ 


d 
o=—— “xv —| F(z) |, 
kt att 


dx 


(21) 
ge ge 


where x= —4kik2/(ki— ke)? and 


F (x9) = F(—iny, — ing, 1, x0). 


The general expressions for the cross sections given 
by (20) and (21) are rather complicated functions of 
energy and scattering angle. In certain limiting cases 
they reduce to much simpler expressions. We shall con- 
sider three limiting cases which are of some physical 
interest. 


(a) Cross Sections When n, Is Small.—We shall con- 
sider the case m;—0, with mz arbitrary. For small m,, 

~g, F’0, where g=1 if m2/m; is not approximately 
equal to unity and g=sinhan,/mm, if n2/n is approxi- 
mately equal to unity.“ Thus for small m, 


da 4 ny 2 Da B’ Ryko 
dQ 3N\Z 2ja+1 K? 


t= 2+ by? — 2kiks cosd, 


sinhan,/rn, if nn, 
g@= 


1 otherwise} 


The factor f* has been included to take account of the 
finite size of the nucleus. The value of f may be obtained 
readily in the limiting cases of small and large m2. Thus 
if m2 is small, Eq. (22) gives the first order coulomb 
corrections to the Born formula. Consequently for 
small m2 we may take for f the value obtained in the 
Born approximation: f= jo(Kro). If, on the other hand, 
nz is large (i.€., ve is small), the angular distribution 
should be isotropic; for this case we may therefore take 
f=1. Thus we have the results 


f=jo(Kro) 
f=!1 


if m2 is small, 
if mz is large. 

4 As m,—0 and m2/n,~1, then x is small and one can expand 
F and retain only the first term, namely, unity. As 2,0 and 
n2/m™1, x is large (except for @=0) and one can express F(x) in 
terms of F(1/1—x); expanding F(1/1—~) and retaining only the 
first term leads to the value g=(sinhwm)/am, in this case. 
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Integration over all angles then leads to the results: 


8x 


Dap 
c= (= ) 2AiA erm c, (23) 
Z jatl 


where 


=In[(kit-ke)/(ki— ke) | if me is large (2 small), 
C,=B, of Eq. (12) if mz is small. 


(b) Cross Sections for Strong Coulomb Field.—We con- 
sider next the case in which the influence of the coulomb 
field is very large. In particular, we consider the case 
Nz and np>>1. Let 

| P|?= | i(m2—m; cosd)F + 1(1—cos6)(1—x)F’|*, 
|Q|?= |imF+(1—x)F"|?, 
p=M/nz2 so that O< p<1. 


Again we take the x-axis along the k; direction. Then 
as my and m>1, the majority of the particles are 
scattered backwards, and we need consider values of 
0=-n only. We then obtain (S-806) 


orl” 


where 


1 Ns? : Senko 2 


ace?* 4/377, 40) (is) 


n2a®p(1—p) 
s=—— a=1r—86, 


6(1+p)? 


and H,“ is the (cylindrical) hankel function. Hence 


8 n;8e4*™ 
a‘ 
“3G ) (i— (+e) 
et 16H 5/3) (Gs) 2 


4 cosd e2*/3H 13 (is) > , (24a) 


| 
J 
) 
| 
\sing e273 77,3) (is) 


where a= h?/me*. Thus 


do Ay As kok’ 
dQ 144 (k:—k)'NZ 7 2jat1 


-{ in a | e2*i/3 77 1/40) (is)| 2}. 


* Das* 


(24) 


It is readily seen that the cross section is very small 
unless m is quite large. For large m, the projectiles are 
not likely to penetrate into the nucleus, and it seems 
unnecessary, therefore, to make any correction for the 
finite size of the nucleus. 

Integrating over all angles of scatter, we obtain 
(S-560) 


8x? ? Das’ 
-—(~ -) —~ ewl- 2x (n2—m) J. 
3v3 2jat+1 


(25) 
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(c) Cross Sections for nx&=mn,, with n, Arbitrary. —A 
case of considerable physical interest is that in which 
the energy transferred to the nucleus is small. For this 
case we write 

—_ k2= € 

so that, 
nNo—ny= nye/ko. 


The hypergeometric functions occurring in Eq. (20) 
can then be evaluated by use of the theorems: 


d ab 
-F (a, b, c, x) =—F(a+1, 6+1, c+1, x), 
dx c 


(1—x)*+>~°F(a, b, c, x)= F(c—a, c—b, c, x), 
lime F (1+ in, 1+ img, 1, x)=0, 


«0 


lime~?| F(1+-im, 1+ ime, 1, x) 
0 
1 
+in,F(1+im, 1+ime, 2, x) |?=——— -. 
K?|r (1+in,)|? 
Consequently, for this case 


—ha)* (1—cos@)? 


’ 


PR neil 
epee! r(1-+im,)|4 
| c| 2m2( ki— 


ir(1+im)|* Ks ; 


hee)* sin* 
| M,|?=|M,| "= 


On substitution of these results into Eq. (20) one obtains 


2 
——jo*(Kro). (26) 
jatl 
The factor jo?(Kro) has been included in (26) to take 
account of the finite size of the nucleus. Since the case 
nxn, corresponds to small effective interaction 
between projectile and nucleus we may vxpect this 
factor, which was obtained by the Born approximation 
[compare Eq. (11) ] to be approximately correct here. 
Integration over angles yields for the tctal cross 
section: 


8x /ny Das? 
c= (=) exp[ — 2x (n2— mn) } , B,. 

3\z 2jat+1 
(2) Electric Quadrupole 


tke Dap 


do 4 k 
—~ exp[ — 24(n2.—m) }m2— 
dQ 3 K* 2 


(27) 


If the motion of the projectile is described by the 
coulomb wave functions U; and Uz given in the 
preceding section, the matrix element for electric 
quadrupole transitions may be evaluated rather easily 
if the finite size of the nucleus is neglected in the inte- 
gration over the projectile’s coordinates. The effects of 
the finite size of the nucleus may be included, in 
limiting cases, by the procedures used in the preceding 
Section (II-B+1) 
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If the coulomb wave functions are expanded in 
terms of momentum functions” 


U;= fv exp(ik- r)dk, Us [ve exp(— ik’: r)dk’, 
(28) 


the electric matrix element, M, for 2'-pole transitions 
can be written as 


M,=(U2| Vi} U, = ff ve did cm (kk) dak’ (29) 


where M icporn)(k,k’) is the matrix element in the Born 
approximation. In the quadrupole (/=2) case, Minor) 
is independent of k and k’. Thus, 


M += M2:Born)* fff verted’ 


= Ma, Born)” U.*(0)U (0), 


where U,(0) and U.(0) are the coulomb wave functions 
evaluated at the origin. Consequently, the use of 
coulomb field wave functions modifies the differential 
and total cross sections only by the factor 


[2mn,/(e?*"*—1) ]-[2ane/(e2*"?—1) ]. (30) 


(C) Elastic Scattering 


If both elastic and inelastic scattering cross sections 
are measured at an angle for which the elastic scattering 
is relatively independent of the properties of the target 
nucleus, the elastic scattering cross section can be used 
as a convenient normalization. The well-known formula 
for the elastic scattering cross section'* can be simplified 
by making use of the semiclassical approximation that 
those projectiles for which the angular momentum / is 
greater than /,=kro(1—Ze?/Ero)! miss the nucleus; 
these projectiles suffer no phase shift. The coulomb 
phase shift, 7, can be evaluated by use of the relation 


1 
m=argl (I+ 1+in)=arg [] (—s+in)P'(1+in) 


s=0 
= not+ Bi, 


where 


l 
Bi=> tan~'n/s. 
sl 


A case of particular simplicity is that in which pro- 
jectiles which penetrate into the nucleus (/</,) are not 
likely to be elastically scattered. These projectiles may 
be omitted from the elastic scattering by setting their 
phase shifts equal to ix. In this case the elastic scat- 


% This procedure was suggested to one of us by R. Serber in 
connection with another problem. 

8L. I. Schiff, Quantum Mechanics (McGraw-Hill Book Com- 
pany, Inc., New York, 1949), pp. 116 ff. 
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tering cross section is given by 


do |\n 
—= |— csc*46 exp[ — 2in In(sin}6) ] 
dQ |2k 


19 


1 le 
“+ 2 [1+ 35 (2+ t)etnPs (cose) | : 


Zt l=1 


(31) 


This expression is independent of all properties of the 
nucleus except its radius and charge. 


III. COMPARISON BETWEEN PARTICLE CROSS SEC- 
TIONS AND PHOTO CROSS SECTIONS: NUMBER 
OF ELECTRIC 2'-POLE QUANTA 


In Sec. II [Eq. (6) ] we have seen that if the nuclear 
moments are randomly oriented, the cross section for 
the electric 2'-pole excitation of a nucleus by the field 
of a nonrelativistic charged projectile may be factored 
into a product of the number of virtual electric 2'-pole 
quanta in the field of the projectile and the photo- 
excitation cross section for the transition. We shall now 
give an explicit formulation of this ‘““method of virtual 
quanta” for the coulomb field excitation of nuclei. We 
shall give explicitly the numbers of virtual electric 
dipole, quadrupole, and octupole quanta in the field of 
the charged projectile; and in the electric dipole case we 
establish the relation between the number of virtual 
and the number of real quanta (bremsstrahlung) 
associated with the deflection of the projectile. In the 
present discussion we shall give the results for a “point” 
target nucleus; the effects of the finite size of the nucleus 
may be taken into account, at least approximately, by 
the method discussed in Sec. II. 

In order to obtain the number of virtual quanta, we 
must obtain an expression for the electric 2'-pole photo- 
excitation cross section. The interaction between the 
radiation electric field ¢ and the electric 2'-pole moment 
of the nucleus is taken as 


(32) 


1 
U,=—e(E-R)(k,-R)', 
l! 


where R stands for the coordinates of the protons in the 
nucleus, k, is the wave number of the incident radiation 
(ky= |k,| =2x/A=E/hc; E=transition energy); and = 
is a unit vector in the direction of polarization of the 


incident radiation. Thus 
r : (x: R)(k,- R)'~"' 2 

o)') =4n*— —> (3 - «) eS) 
he 2jat1 ar l! 


i | 


(1) Electric Dipole Excitation 


Setting /=1 in Eq. (33) yields for the electric dipole 
photo-excitation cross section: 

4x°e*k, a : 4x? Dar’ 
= > | (6| x R{a)|?=—e*k,——-._ (34) 
2jatlas 3 2jat1 


oa,” 
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Thus from Eqs. (21) and (1) the cross section for electric 
dipole excitation of the nucleus by the field of a posi- 
tively charged projectile is given by 


o=Nyw” 


where V,, the number of virtual electric dipole quanta 
in the field of the charged projectile, is given by 


dE A\Ae 1 ky 
N\dE=— -€ Sent — 


E 2nZ? e*/he k, 


| F(a) | 2, 


dns 


(35) 


where E is the transition energy. 

It is interesting to note that the cross section for the 
production of real quanta (bremsstrahlung), when the 
charged particle makes the transition due to deflection 
in a pure coulomb field, is expressible in terms of V, 
in a simple way. In the electric dipole approximation, 
the cross section for the production of bremsstrahlung 
in dE is (S-527 and 564) 


2 my 
odk -—2“(-)* —A,Ase™* 


Comparison with (35) shows that the bremsstrahlung 
cross section may be written: 


| F(xo)|?. (36) 


d 
27n2y—9— 
aXo 


o dE=2422"(e/mc*)*N dE. (37) 


This simple result is of the form to be expected on the 
basis of semi-classical arguments. 

In certain limiting cases the rather formidable ex- 
pression (35) for V, may be replaced with relatively 
simple approximate expressions. Thus, from Eqs. (23), 
(27), and (25) we have 


dE 22? e sc \? 
NdE=— — —( -) A,A2 
E x he\y 


kitks 
Xe ttn = - ), 
ki— ks 


dE 22? e* 2 A> 
NdE=———[—]} — 
E wr he 


kitks 
Ke 2t (ne ~» Inf uihei ), 
ki— kz 


dE 2s? e fc \? 
E v3 hc\x 


The Born approximation result can be obtained from 
the first or second of these limiting cases by setting 
A,\=A,=1=e™. The Born result is essentially the 
same as that obtained by the semi-classical method. 


nO 


ny arbitrary 


NyS=N2 


my>1 
. (40) 
Ny ny 
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(2) Electric Quadrupole Transitions 


Setting /=2 in Eq. (33) gives for the electric quad- 
rupole photo-excitation cross section: 
meth, 
—_——— 5° | (b| (a R)(k,- R)|a)!? 
y 2j st1) a> 


re*k, 
¥ |} ¥(6| Oi! a) wik,;|* 
~ Qja +1) 46 ai 


From a theorem which is given in Part 1 of the 
appendix to this paper it follows that 


X! Eb] Qis| a) wikes|* =k? Qan2/10 


ab i7 


(41) 


and, therefore, 
a2) = (xe?, 10)Q4n”, ‘(2jat Dk,’. 


Writing o2= N02 and using Eq. (14), one has for the 
number of electric quadrupole quanta 


N.dE= (dE/E)(162%e?/3arhc)(c/m)*kik2/k,’. 


(42) 


(43) 


(3) Electric Octupole Transitions 


Setting /= 3 in Eq. (33) yields for the electric octupole 
photo-excitation cross section : 


re’ E 
o3'7) =— — ——— }) | (b| (x: R)(k,- R)*| a)|? 
9 he 2jat1 ar 


pe 2 E 
—_—— £1 |¥(b| Siza| a) wishes. 
a he 2ja+1 ao 6m 


From a theorem given in Part 2 of the appendix it 
follows that 


y | Yd] Six | a) riko ikon | s 


ab ijk 


(44) 


4k, 
=—{San'+(7/20)(R*D)as*), 
105 


where 


(R*D) az°=L| (6| R*x;|a)|?. 
Consequently 
git a?+(7 20)(R*D) as* 
2jatl 


The (R*D),45* term results from an interaction be- 
tween the radiation and the electric dipole moment of 
the nucleus, and should be added as a second order 
term to the electric dipole cross section. Since this term 
does not correspond to an octupole transition, we shall 
drop it from our expression for o3°”. Thus we take 


= (497e?/945)S4p'*h,*/(2j4+1). 





(45) 


(46) 
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Writing c= N30; and using Eq. (16) for o3 we obtain, 
for the distribution of octupole quanta in the electric 
field of the charged projectile, 


dE 62? /e? 2 Rike a( hs? isduadh 
Vwdk= = (- \(- <\)= 
M1 


IV. ELECTRIC BREAK-UP OF THE DEUTERON 


When a beam of deuterons strikes a target the deu- 
terons may be disintegrated and emergent beams of 
neutrons and protons thus obtained. In a number of 
experiments the angular and energy distributions of the 
neutrons and protons have been studied. Helmholz, 
McMillan, and Sewell’ have studied the angular and 
energy distributions of the neutrons obtained by bom- 
barding targets with 190-Mev deuterons. Angular and 
energy distributions of the neutrons obtained when 
various targets are bombarded with 14- to 18-Mev 
deuterons have been studied by Falk, Creutz, and 
Seitz, Roberts and Abelson,’® and Ammiraju.!’ 
Angular and energy distributions of the protons ob- 
tained by bombarding thin targets with 14-kev deu- 
terons have been studied by the M.I.T. group.'* The 
results of all these experiments seem to indicate that 
the deuteron break-up which yields the protons or 
neutrons is due to stripping or to electric break-up. In 
the stripping process one of the nucleons of the deuteron 
strikes the target nucleus and is stripped off the deu- 
teron; the other nucleon misses the nucleus and con- 
tinues its flight. This process has been discussed for 
high energy deuterons by Serber,!® and for low energy 
deuterons by Falk and Wolfenstein®® and by French.”! 
In the electric break-up process, the deuteron misses the 
nucleus but is disintegrated by its electric field. The 
possibility of electric break-up of the deuteron was first 
discussed by Oppenheimer.” A detailed theory of the 
process for high energy deuterons has been given by 
Dancoff,® using the Born approximation. The results of 
Dancoff and Serber show that for high energy deuterons 
nuclear stripping is considerably more probable than is 
electric break-up. However, at somewhat lower deuteron 
energies the electric process may play a significant role. 
Consequently, in this section we shall apply the results 
of Sec. II to the electric break-up of the deuteron. 

In our discussion we include the effects of the 
coulomb field on the motion of the center of gravity of 


* Helmholz, McMillan, and Sewell, Phys. Rev. 72, i003 (1947). 

Falk, Creutz, and Seitz, Phys. Rev. 76, 322 (1949). This 
publication gives only the preliminary results of the experiments. 
A complete account of the results is given by C. E. Falk, thesis, 
Carnegie Institute of Technology (1950). The authors wish to 
thank Dr. Falk for communicating his results to them. 

16 R. P. Roberts and P. H. Abelson, Phys. Rev. 72, 76 (1947). 

17 P. Ammiraju, Phys. Rev. 76, 1421 (1949). 

18 Progress Reports of the Laboratory for Nuclear Science and 
Engineering, M.I.T., January 1, 1950 and April 1, 1950, unpub- 
lished. 

19 R. Serber, Phys. Rev. 72, 1008 (1947). 

20C. E. Falk, thesis, reference 15. 

2 J. B. French, private communication (unpublished). 


2 J. R. Oppenheimer, Phys. Rev. 47, 845 (1945). 
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the deuteron, but we neglect the effects of the coulomb 
field on the outgoing proton. This procedure is probably 
adequate for a description of the behavior of the out- 
going neutrons, but does not give an adequate de- 
scription of the outgoing protons unless the deuteron 
energy is very high. We confine our attention to the 
outgoing neutrons.” 

We describe the motion of the c.g. of the deuteron by 
means of the wave functions x; and x2 of Eq. (17). The 
initial and final states of the deuteron’s relative motion 
we shall describe by the ‘“‘zero-range” wave functions 4 


D\= (a/2m)te-#"/ p, a= (Meo/h?)}, 
D:=N: exp(ik,-9), Ns;=[Mk,/(24)*2h?}}, 


where ¢=2.2 Mev is the deuteron’s binding energy, 
M is the nucleon mass, 9 is the relative coordinate, and 
k, is the wave number of the relative motion. In the 
electric dipole approximation, the cross section for 
deuteron break-up with disintegration energy in de, the 
center of mass being scattered into the solid angle dQ, 
and the neutron ejected into dM, is 


2a |Ze*(r- 9)| | 
odedQ\dQ.= rt a 


(48) 


dedQ,dQ, 
2x8 


Ze*(k,: r) : 
=| a x) dedQdQz 


|| Xs 
2hkp? | r3 


with 


1 2 32xak,? 

| D|?=— f exp(—ik,- 0) (k,- 9) Didp| =. 
k,? (k,2-+02)4 

Applying the equation of motion discussed in Sec. II-B 

we find 

odedQdQz 


“i k? 


on N?| D\?*M? / E.—E, 
(= 2 ‘) | (xo| ky: 4] x1) | 2dedQ dQ, 


= (2x/ h)N?PNe Ny | D| °2M?(E,—E,/h)4 
X {cos | M,|?-+-sin%,-3(M,?-+M,?)}dedQdQy, 


where @; is the angle between the wave number vectors 
k, and ki, with EZ, and £; as the final and initial 
energies of the motion of the center of mass, and with 
Ny, Ne, Mzy,2 as given by Eqs. (17) and (19). The 
x-direction has been chosen as the direction of the 
incident deuteron beam. When the intergrations over the 


% In an independent treatment of the electric break-up of the 
deuteron M. L. Goldberger (private communication) has taken 
into account in the influence of the coulomb field on the outgoing 
protons. M. L. Goldberger, Phys. Rev. 79, 221 (1950). In all 
discussions the effects of polarization of the deuteron on the wave 
function of the incident deuteron are neglected. 

% The finite range of the neutron-proton interaction can be 
included in an approxitnate way by using the factor (1+ab,), 
where b, is the range of the m-p interaction in the triplet ground 
state, 
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angles of scattering of the center of mass of the deuteron 
have been carried out we find that 


odedQ, = (24/h)N AN g*N:2| D|?M2(E_— Ey/h)* 


“ {cost fi M,|*dQ.+sin*, 


3 fane+areyao|deamy, (49) 


This relatively complicated result can be simplified 
in certain limiting cases. Thus, if the deuteron moves 
in a strong coulomb field (7:>>1, m2#m1) we can use 
the approximate expressions given by Eq. (24a) for 
Mzy,2. Then 


87h? eoe* ) 
———~- exp[ — 24(m.— 
3V3M (e+ €)* 


m) | 
- {cos?, +4 sin?0,}dedQy. 


odedQ\= 
(SO) 


A limiting case of importance from the experimental 
viewpoint is that in which the deuteron’s initial energy 
exceeds the coulomb barrier energy by considerably 
more than the binding energy of the deuteron. We shall 
now investigate this case in detail. Inspection of the 
form of the factor |D|? shows that the cross section 
becomes small if the disintegration energy, ¢, is large. 
Consequently the center of mass of the deuteron is not 
likely to lose more than a rather small fraction of its 
energy in the disintegration. For this reason we can 
substitute for M,, M,, and M, the approximate values 
suitable for small energy transfer. From Eqs. (19) and 
(26a) we see that if m2—m, is small, or if m; and mz are 
both small, 

| M,|*&|C]?(ki—ke)*(sinhnyr/myr)? 
X (n2—m cos62)*/K*4, 
| M,|?+|M,|*&|C|*(&i—ke)4 


X (sinhn,r/ny7)? sin?6,/K‘. 


(51) 


Substitution of these expressions into Ea: (49) yields: 
2 h? eid 
odedQ\ =—n,? exp[ — 24(n2—m) 
casted “Ml (e+e)! 


(kit he)?+ Kn? 
" niaetcneeneetat (:- =) Pcs 
2 r 


+sin’@, In }dedQ, (52) 
where [= K,,/(ki— 2) and AK, is the maximum recoil 
suffered by the center of gravity of the deuteron. If the 
finite size of the nucleus is neglected, Kn=k:+k2; the 
effects of the finite size of the nucleus can be taken into 
account by limiting the maximum recoil momentum to 
hK»=1/ro, where ro is the sum of the “radii” of the 
deuteron and target nucleus. Apart from the “coulomb 
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factor,” exp[ —22(m2—) ], the cross section given by 
Eq. (52) is equivalent to that obtained by Dancoff® by 
using the Born approximation. 

To facilitate comparison with experiment, we shall 
carry out a transformation of variables from (¢, @,) to 
(E,, 6), where E, is the neutron’s energy in the system 
of the center of mass of the target nucleus and deuteron, 
and @ is the angle between the direction of the outgoing 
neutron and the direction of the incident deuteron beam. 
We neglect the finite size of the target nucleus, taking 
Kn=ki+k:. This omission will tend to overemphasize 
the role of the neutrons at the upper and of the energy 
spectrum and will yield an upper limit for the total 
cross section. Since with msn, the probability of large 
lateral deflection of the deuteron’s center of gravity is 
small (see Eq. (26)), we shall assume that the deuteron’s 
center of gravity moves in a straight line. With these 
approximations one can take 

¢/Ep'=fP7+, (€/Ep’) sin’. 
so that 


(€/Ep’) P2(cosé)=f?— 
The jacobian of the transformation is 
J=2 cos6/(f?+}}, 

where Ep’=Ep—Eg; Ep=initial deuteron energy; 


Ez=coulomb barrier energy of the deuteron at the 
time of break-up and 

f=LEw—}(Ep'’— €) \/Eo’. 
Consequently the cross section for electric break-up, 


with the neutron being ejected into mas solid angle dQ 
with energy in dEy 


mois -) [P+ 4o*(ind—1)] 
Ep’ 


nEpEp”® 


[P+0°+ (€o/Ep’ )} 


(53) 


odQdEn= 


with 
Ci=exp{ — (xm Ep’/Ep)[f?+6*+ (€0/Ep’) }}, 
=4/(f°+ 6+ (€0o/Ep’)]. 


The angular and energy distributions can be obtained 
from Eq. (55) by integration. In general, these inte- 
grations cannot be carried out analytically, and we 
shall perform them explicitly only for the case that 
is sufficiently small that mn,¢/Ep<1, so that C:=1. 
Since the logarithm is a slowly varying function of the 
angle, the integrals of the type 


[= f f(x) Ing(x)dx, 


in which f(x) is a rather rapidly varying function of x 
which is appreciably different from zero only over a 
limited range of x, can be evaluated by the following 
approximation 


T=Indw- f sede, 











where 


on f x(x) f(x)dx / f flx)dz. 


Furthermore, since the cross section diminishes rapidly 
to zero as @ becomes large, or as [Ey—}(Ep’— 0) ] 
becomes large, the limits of the integral can be taken 
to be zero and infinity. Carrying out the integrations for 
C,=1 we find for the angular and energy distributions 
of the outgoing neutrons 


Z*e* € } 
ad0= (- ) 
2EpEp’\ Ep’ 


[ (€0/ Ep’)+ 50°(5 Iné;—3) ] 
—_——————.cos6-d®, (55) 
[(€0/ Ep')+@]}? Vi 


2Z*e4 €o $ 
odEy= ( ) 
3EpEp” Ep’ 


[(3-+ Ings) f?+ (In&s— 1) €o/ Ep’) 
x - " 7 
[ f?+ (€o Ep’) 
&=4 3(f*+ €o/ Ep’). 


dE x 


(56) 


with 
&1= 10/3(0°+ €0/ Ep’), 
The total cross section can be obtained by an inte- 
gration of (56) over all neutron energies. We thus find 
o = (4Z*e*/3e.Ep) In(Ep’/3*e). (57) 
The total cross section can also be obtained by a 


direct integration of Eq. (52). In case the exponential 
member is taken to be unity this yields 


16Z*e*eo! ptmax 
o-——— f- ——nr-de 
3Ep (e+e0)* 
16Z7e*e,! = 


& —- ints f e!/(€+ €9) ‘de 
3Ep 0 


o= (rZ*e*/3e9Ep) InT' wn, 
‘= (Ri+-he)/(ki— he) =4 Ep/(€+ €0). 


or 


(58) 
where 


We then have from our definition of average values 


wo 


f I'(e)e/ (€o+ e)‘de 
0 
a eae = 2Fp/3ee. 


x 


f e'/(€o+ €)4de 


The very slight difference between the cross section 
formulas (57) and (58) arises from the approximations 
used in the transformation to the laboratory system of 
coordinates. 


V. DISCUSSION OF THE RESULTS 


We shall now apply the theory developed in the 
preceding sections to a discussion of two processes in 
which electric transitions may play a significant role. 
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(A) Inelastic Scattering of Deuterons 


We have pointed out that the inelastic scattering of 
deuterons should take place primarily through electric 
transitions. Experimental data on the deuterons scat- 
tered inelastically on aluminum and magnesium targets 
have been obtained by Greenlees, Kempton, and 
Rhoderick,? and by Holt and Young.* The angular dis- 
tribution of the inelastically scattered deuterons offers 
the best criterion for the determination of the type of 
interaction responsible for the transition. Transitions 
occuring as a result of compound nucleus formation 
should yield an almost isotropic distribution of the 
inelastically scattered deuterons. Electric dipole inter- 
action, on the other hand, leads to the differential cross 
section [see Eg. (26) }: 


de 4/m\? Dip? kiko 
2 (5) exp[—2x(n2—m,) } ——jo*(Kro). (59) 
dQ 3\Z 2jat+1 K? 


In making quantitative use of Eq. (59) for deuterons it 
must be remembered that to the approximations used 
in the derivation of this equation we must add the 
following: (1) the finite extension of the projectile’s 
charge distribution is neglected; the deuteron’s charge 
is assumed to be concentrated at the deuteron’s center 
of mass, (2) the polarization (stretch) of the deuteron 
in the field of the target nucleus is neglected. 

Because of the approximations used, we can expect 
Eq. (59) to have only semi-quantitative significance at 
large angles. However, the angular distributions pre- 
dicted by Eq. (59) on the one hand, and by the theory 
of compound nucleus formation on the other, differ so 
greatly that despite the omission of the second-order 
effects involved in our approximations we should be 
able to distinguish readily between the two types of 
angular distribution. 

The angular distribution obtained by Holt and Young 
for 7.5-Mev deuterons cattered inelastically on mag- 
nesium is reproduced for convenience in Fig. 1(a). The 
excitation energy is 1.36 Mev. The angular distribution 
for elastically scattered deuterons (7.5-Mev deuterons 
on the same magnesium target) is also given in this 
figure. 

The theoretical angular distribution given by Eq. 
(59) depends somewhat upon the choice of the “cut-off” 
radius, ro. We may write 

ro= 1.5(24)'X10-"+ Rp cm 


where Rp is the mean radius of the deuteron. The choice 

of Rp is certainly not unambiguous; and we have chosen 

it so that the theoretical angular distribution has its 

second minimum at 6=60° as required by the experi- 

mental results. This requires that Kro= 2m at 0=60°; 

thus, ro>=7.58X10~" cm, and Rp=3.25X10-" cm. 
The value of the nuclear dipole moment, 


Dasl= (Daz*)*)], 


for the transition which causes the inelastic scattering 
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may be obtained by comparison of the experimental and 
theoretical ratios of inelastic and elastic scattering. 
Since compound nucleus formation is not likely to play 
a significant role in the elastic scattering of deuterons, 
the appropriate expression for the elastic scattering 
cross section is given by Eq. (31). Since the elastic scat- 
tering at a given angle depends rather critically on the 
choice of the ambiguous quantity /., we have integrated 
the differential cross sections over all angles from 75° to 
135° and then equated the theoretical and experimental 
ratios of inelastic to elastic cross sections. One obtains 
Dap=7.5X10-" cm; this is about 1.74 Ry, where Ry 
is the nuclear radius (Ry=1.5X(24)!X10-%=4.33 
X10-" cm) of 1»2Mg**. In view of the approximations 
involved, this result is not unreasonable. The theoretical 
angular distribution (do/dQ) for the inelastic scattering 
of 7.5-Mev deuterons on Mg”* is given in Fig. 1(b). The 
total cross section for inelastic scattering is given by 
o=0.041D45?= 2.1 10~** cm*. 


Comparison of the theoretical angular distribution 
with the experimental one seems to indicate rather 
clearly that the inelastic scattering is due to electric 
interaction. 

The experimental data obtained by Rhoderick' on 
the total cross sections for protons scattered inelastically 
on aluminum and magnesium targets seem to indicate 
that the energy transfer takes place primarily by com- 
pound nucleus formation. Unfortunately, no angular 
distributions are given in the published results of these 
experiments. 


(B) Electric Break-Up of the Deuteron in Flight 


First of all we shall give a comparison of the cross 
sections for the competitive processes of stripping and 
electric break-up. In both processes, we shall restrict 
ourselves to the case in which the escaping neulron is 
observed. In the computation of the electric break-up 
cross section, we shall neglect the finite size of the target 
nucleus ;** this procedure yields an upper limit for the 
cross section. In the point nucleus approximation, the 
cross section for electric break-up may be obtained by 
setting K,=k:+k in Eq. (52). We shall assume that in 
the majority of the disintegrations, the energy lost by 
the center of gravity of the deuteron is small compared 


f If the electric dipole moment, Daz, is very small, the scatter- 
ing may be due to electric quadrupole interaction. 

*% For 200-Mev deuterons, Dancoff has taken the finite size of 
the nucleus into account by limiting the recoil momentum of the 
deuteron’s center of gravity to values less than or equal to h/ro, 
where ro is the sum of the radii of the deuteron and target nucleus. 
For high energies this cutoff in momentum space is approximately 
equivalent to the more exact procedure of modifying (in con- 
figuration space) the interaction between the target nucleus and 
the deuteron to take account of the nuclear forces. For the much 
lower energies (~15 Mev) in which we shall be interested, the 
momentum space cutoff is a very poor approximation, and the 
more exact procedure must be used. Modification of the inter- 
action to include the effects of nuclear forces leads to very com- 
plicated integrations and cumbersome formulas; we believe that 
that the labor involved in these computations is not warranted 
at the present time. 
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Fic. 1(a). Empirical results obtained by Holt and Young for the 
angular variation of the intensity of deuterons scattered inelas- 
tically (curve A) and elastically (curve B) on magnesium. 


to the initial energy of the deuteron; consequently, we 
may make the approximations: k,— kx 2E,/(e+ e), 
kit+k2k,. Setting «= €/€, the total cross section for 
electric break-up is given by 


16Ze = 
o=——_- cumin f —— 
Seok 0 (1+x)* 


4E, 
Xe wnieor/ Ey in — Jew 
_Eo(1+ 2x) 


The upper limit, x,,, is determined by energy conserva- 
tion ; for deuterons having energy of 15 Mev or more, no 
appreciable error is incurred by taking x,=«. The 
electric break-up cross section has been evaluated by 
numerical integration for 15-Mev deuterons for four 
values of Z; the results are given in Table I. Inclusion 
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Fic. 1(b). Theoretical angular variation of intensity of deuterons 
scattered inelastically from magnesium. 
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_ TaBLe I. Comparison of stripping cross sectic: with cross sec- 
tion for electric break-up on a point nucleus. (Deuteron energy 
=15 Mev.) 





Cross section (barns) 
Stripping Electric 
0.016 
0.094 
0.22 
0.17 


Target 
nucleus 


Be 0.09 
Mg 0.12 
Cu 0.14 
Au 0.08 








of the effects of the finite size of the target nucleus 
would decrease these cross sections, the amount of 
decrease being greater for the heavy nuclei than for the 
light nuclei. 
The stripping cross section for high energy (Z,:200 
Mev) deuterons is given by Serber’’ as 
os=5AX 10-* cm’, (60) 
where A is the mass number of the target nucleus. For 
lower deuteron energies an estimate of the (d,n) 
stripping cross section can be obtained by modifying 
Eq. (60) to include the effect of the coulomb repulsion 
on the incident deuteron.* This modification may be 
achieved in an approximate way by multiplying the 
right hand side of Eq. (60) by a factor p(R) which takes 
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Fic. 2. Angular distribution of neutrons obtained from electric 
break-up of the deuteron. 

26Tn the derivation of Eq. (60) Serber neglected the Coulomb 
repulsion on the deuteron; this neglect is justified, of course, for 
the large deuteron energies considered by Serber. A second as- 
sumption involved in the derivation of Eq. (60) is that the period 
of the internal motion of the deuteron is much greater than the 
collision time. The validity of this assumption is questionable for 
deuteron energies as low as 15 Mev, but we shall assume that no 
large errror is introduced in the total cross section by the use of 
this assumption. 
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account of the decrease in the density of protons at the 
nuclear surface due to the coulomb repulsion.” This 
density factor has been evaluated by Konopinski and 
Bethe.** For the target nuclei ,Be®, 1:Mg*4, 29Cu®, and 
z7Au™ one obtains the values p=0.9, 0.8, 0.72, and 
0.28, respectively. Values of the stripping cross sections 
for the four nuclei are given in Table I. Since we have 
assumed tacitly the proton’s sticking probability to be 
unity in each case, the values listed in the table really 
give upper limits for the stripping cross sections. 

The results given in Table I indicate that cross 
sections for the electric break-up process may be large 
enough, in some cases, to enable this process to compete 
favorably with the stripping process. 

The theoretical angular and energy distributions for 
the neutrons obtained by electric break-up of the deu- 
teron in flight are given by Eqs. (54), (55), and (56). 
Plots of the angular distributions obtained with 15-Mev 
deuterons incident on Be and Cu targets are given in 
Fig. 2. In the consideration of the theoretical distri- 
butions it should be remembered that a “point nucleus” 
model has been used. Furthermore, spreading of the 
deuteron beam because of coulomb deflection and 
multiple scattering has been neglected; this spreading 
of the beam will widen the angular distribution some- 
what. It should be noted that in the angular distribu- 
tions given in Fig. 2, neutrons of all permitted energies 
are counted. In most of the experiments, neutron de- 
tectors having rather high threshold energies have been 
employed. At the high end of the neutron spectrum our 
expressions are not quantitatively valid, for we have 
assumed the loss of energy of the deuteron’s center of 
gravity to be small compared to the deuteron’s initial 
energy. 

The predictions of the electric break-up theory seem 
to be consistent with the experimental results. Thus, 
neglecting the spreading of the deuteron beam, the 
theoretical angular distribution (for neutrons of all 
permitted energies) has a half width of about 40° for 
both Be and Cu targets. Thus, at least up to Z= 30, the 
half-width is roughly independent of the atomic number 
of the target nucleus. And, again in agreement with 
experiment, the theory predicts that the yield of 
neutrons from a heavy target such as gold is less than 
the yield from a light target such as magnesium. 

The electric break-up of the deuteron seems to lead 
characteristically to a ‘‘double-peaked” angular dis- 
tribution for the escaping neutrons if neutrons of all 
energies are counted. If, however, one counts only the 
neutrons at the upper end of the energy spectrum, the 
theory yields a “single-peaked”’ distribution; it must 
be remembered, however, that our expressions do not 
have quantitative validity for the extreme energies of 
the neutron spectrum. 

Lack of sufficient experimental data in the range of 


271). C. Peaslee, Phys. Rev. 74, 1001 (1948). 
28 E. J. Konopinski and H. A. Bethe, Phys. Rev. 54, 130 (1938). 
In the notation of these authors p=/,2/i,°. 
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neutron energies for which our theory has quantitative 
significance, and lack of an adequate theory of the 
stripping process for “low” energy deuterons make it 
impossible to assess, at present, the relative contribu- 
tions of stripping and electric break-up to the observed 
neutron intensities. Of course, any neutrons observed to 
have energy greater than E,—€ (12.8 Mev for 15 
Mev deuterons) cannot result from electric break-up 
and must be attributed to stripping or to compound 
nucleus formation in which the target nucleus absorbs 
the incident deuteron and subsequently emits a neutron. 


APPENDIX 


(A). The result given in Eq. (41) of the text follows from the 
more general theorem” 


Z | 2(b|Qi;|a)uivj|?= (Qan’?/10)[u*?+ §(u-v)?] 


a,b ij 
+Tas*(u-v)?/9, (61) 


where u and v are arbitrary vectors. We shall now prove this 
theorem. 
We introduce the tensor T which has elements Tjj=4;0;-+1)%. 
And we introduce the spherical harmonics Y, defined by 
2°(Q) = (4) 4(32*—r?), -¥2°(T) = (3) 4(3u,v,—u-v), 
V*\(Q)=F2s(xtiy), Vo"(T) = {ue(ve-biv,) +0.(usbiny)}, 
Y:**(Q) = (x-biy)?, Vo**(T) = (tug itty) (Deb ity). 
We then have the following relations 
Z| ¥2"(Q) |?=4 Z| Qui'|*, 
m Pi 
> |(b] ¥2"(Q)|a)|?=404n" for all m, 
a,b 


>| ¥2"(T) |?=2[u?-+-4(u-v)*), 


m 


> 25 ¥2™(Q) ¥.2"*(T)=2 2 Qis' (uid; +404 — Fu- Vd;3). 
m ij 


Consequently, 

Z| Z(b| Qij| a) uv; |? 

a,b ij 
> |Z f(b] Dis’ |a)+4(0| 7 | a) ds; } 4 (14:0; +-04;2) |? 
*) 

y {4 2 (010s 1a) (inst m0 ju-vd,;)+4u-v(b|J|a)d,;|* 


=z 120 Y2"(Q) |a) ¥2™*(7)+4u-v(b|I|a) |? 
.6 


= D{ fe | (b| ¥2"(Q) | a) || ¥o"(7) |?-+[(u- v)2/9]| (6| 7 | a) | 2} 
a,b 


= (Qn'*/10)[%?+4(u-v)*]+ (1487/9) (u-v)?. 


The special choice u=k,, v= % yields the result given in Eq. (41) 
of the text. 
(B). The result given in Eq. (44) of the text follows from the 


more general theorem 


LD | L(b| Sije| a) acv;20e|? 
a,b tik 


Sap” = 
= 5 
210 “t 
+3[(u-v)% 


+! ve {6(u-v)(v-w)(w-u) 


+[(u-v)*w?+- (v- w)?u?-+-(w-u)%? J}, 


=— 2(u-v)(v-w)(w-u) 


2+ (v-w)*u?+-(w-u)*0? ]} 


(62) 


*” This theorem is i‘ by G. Wick, reference 8. A similar theorem 
has been proved by D Aes (thesis, University of Michigan, 1948). 
Our proof is based on ‘be ‘method used by Falkoff. 
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where 
(PD) as= Z Z| (b|r2x|a) |? 
ab ¢ 


and u, v, and w are arbitrary vectors. We shall now prove this 
theorem. 
We introduce the tensor 7 having elements 7\je= 2p uve 
and the tensor 7” having elements 
T iin’ = Dp { usvjoe— 46;;[ue(v-w)+re(w-a)+we(u-v) Jj}, 
where the sums are extended over all permutations of ijk. And 
we introduce the spherical harmonics Y¥,” defined by 
Y3°(S) = ($)42(Ss*—3r%), 
¥3*'(S) = ¥(})4(52*—r*)(xtiy), 
Y;**(S) = (6) 42(xbéy)?, 
Y;**(S) = #(xtiy)', 
Y3°(T) = (4/45) #{u,(S0,w,— 3v-w) +2,(Sw,u,— 3w-u) 
+w,(5u,?,—3u-v)}, 
+ (1/15)4{ (5u,0,—u-v)(wetiw,) 
+ (5S0,0,— V- W) (tet itty) + (Swtts— W-U) (tp 40) }, 
V 5**(T) = (3) 9{ 4, (02-t0y) (webtwy) 
+0,(Wrb iy) (Ueptttty) + s(Uz itty) (02+ try) } , 
F (uUstity) (tty) (wrbiwy). 


Y;*(T) = 


Y;* 4(T)= 
We then have the following relations: 


2 Sin’ T iin rats 2 ¥y"(S)¥i"*(T), 
‘ih 
>| ¥s(S)|?=8 Z E | Sea! |3, 
om ijk 
2D! (| ¥y"(S)|a)|2=(8/7)S4e"? for all m, 


>| Vy"(T) |®= (4/15) {5u*o*%w*— 2(a-v)(v-w)(w-a) 


. +3[(u- v)*w?+ (v-w)*u?+(w-u)*0*]}, 
DiL(u-v)wis+(v-w) ui +(w-u)os 
=6(u-v)(v-w)(w-u)+[(a- v)*w?+-(v-w)*u?+- (wu)? ]. 
Consequently, 
DZ (b| Sijn| a) s0jwe|? 


a,b ijk 


1 
E 
= L/L (b| Six|a)Lp uvjwe|? 


3 a, bVijk 
Ae 


1 . 
EID {(b| Size’ |) +750! r? Lp xi5,u|a)} Lp uyvjwe|? 
ijk 


36 4, 


D>] D> (b| Six’ |a) Tin’ +pp(bire3 Lp Xibjx| a)Lp U;0;W |? 
"das ijk 
1 
=— D| 3 D(b| Y3"(S)|a)¥3"*(T) 
36 4.5 m 


Z (bj 2 


xiSin| a vw, 
tig in| )Z an; | 


ee 
5 1B OL Yan 


36.28 m 


S)\|a)¥y"*(T) 


+ (6/5). (b| r2x, | a) [(u-v) ws + (vw) s+ (wea) )|? 
1 
. (b| Ys" 2| Vy y—(T)|2 
"a Y3"(S)|a) } Pd | | 
(r2?D) 4p? 
—— Z[(u- v)wi+ (uw) a+ (wu), 
fe i 


_ Sap” 

48 Sate? 
we tise 
+3[(u-v)*w*-+(v-w)*u?+ (w-u)*v J} 


42D) an 


— 2(u-v)(v-w)(w-a) 


{6(u-v)(v-w)(w-u) 

+[(u-v)*w?+ (v-w)?u?+(w-u)*? J}. 
The special choice u=v=k,, w= % leads to the result given in 
Eq. (44). 
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The statistical theory of pressure broadening is developed for any interaction law in which the potential 
energy is inversely proportional to some power of the distance between the molecules, including cases in 
which the forces change sign. Markoff’s method is used. Special attention is given to the broadening pro- 


duced by dipoles and by quadrupoles. 


I. INTRODUCTION 


O calculate the contour of a spectral line under 

the most general conditions is a very difficult 
task. It is customary to use the phase integral method 
because of its analogy with the classical Lorentz treat- 
ment, although this method is sometimes not exact. 
The statistical theory,! on the other hand, has its own 
major shortcomings, being correct only for slow per- 
turbations among the molecules. However, since it 
represents a limiting case of both the correct theory 
and the phase-integral method, its simplicity makes it 
often a useful guide. 


II. THEORY 


The statistical theory is based on the following con- 
siderations. The distance between the two energy levels 
involved in a spectral transition is a function, Eo+ V, of 
the position of all perturbing molecules, since the per- 
turbation V=>°;V;, which is present in addition to the 
normal energy difference, Eo, depends on the configura- 
tion of all molecules surrounding the radiating one. 
According to the statistical theory, the intensity of the 
spectral line at an energy V (i.e., a frequency V/h) to 
one side of its undisturbed position, Zo, equals the 
probability of those configurations of perturbers which 
yield the value V. Our problem is, thus, one of calculat- 
ing the relative volume of configuration space in which 
> i=: V; equals some given V, NV being the number of 
molecules interacting with the emitter. 

The potential, V;, due to the ith molecule depends 
on 7;, its distance from the radiating molecule, and a 

, set of other variables like angles and spins. Usually the 
latter, here to be denoted by é,, are separable, and V; 
depends on r; in accordance with a simple power law. 
We, therefore, set 

V;=cr,;-"u(é;). 
The function u(£) has a vanishing mean. When this 
characteristic is satisfied, the precise form of u(é) is 
relatively unimportant, leading only to different nu- 
merical factors than we shall encounter by putting 


—1, §<0 
j= 


|44, 60 


* Assisted by the ONR. 
''T. Holstein, Phys. Rev. 79, 744 (1950); H. Margenau and 
S. Bloom, Phys. Rev. 79, 213 (1950). 


—1¢&<1. 


If the volume occupied by the gas is 4rR*/3, the proba- 
bility density with respect to 7 is 


p(r)dr = 3r°dr/R’, 
and that with respect to &, 
p(t)dé=}dé. 


It is desired to find the probability Wy(V) that, in 
the presence of V perturbing molecules, the potential 
energy >-:"V; shall have the value V. This is most 
easily determined by the use of Markoff’s method.” The 
calculation is analogous to Holtsmark’s evaluation of 
the probability for a given electric field strength at a 
point in a gas. 

According to Markofi’s analysis, 


Wy(V)=(1 an) f ee n(p)dp, (1) 


where 
N 
An(p)= | f ocerae f pera exp[iper-"u(é)]} . 
The last expression can be written 
An(p)=[1—3B(p)/2R*}", 


provided 


1 R 


If the number density of molecules is m, so that NV 
= 4nR*/3, the limit of Ay as R= is 


A(p)=exp[ —2xnB(p) ], 


and Eq. (1) becomes in this limit 
W(V)= (1/2) f exp[ —ipV — 2xnB(p) dp. 
We now turn to the evaluation of A(p). 


2S. Chandrasekhar, Revs. Modern Phys. 15, 1 (1943). 
3 J. Holtsmark, Ann. Physik 58, 577 (1919). 
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After integrating over £, 


Bo)=2f (1—cospv)rdr, with v=cr-”. (2) 
0 


On expressing the volume element in terms of pr=/, 
we have 


B=F(c|p!)* “f (1—cost)d(t-*') 


= F(c|p|)* “f t-*™ sintdl 
0 


provided m> 4. In fact, B does not exist unless this 
inequality is satisfied, and W fails to have meaning in 
that case. 

Let 


4 of 
—?c “f t-4/™ sinidt 
3 0 
4dr ; 
=— im sil (1 me ) 
3 , 


2rB(p) = fm p|* ye 


Then 


and 


1 Zz 
W(V)= -f exp(— gmp") cospV dp. 
0 


Tv 


For V=0, this integral can be evaluated directly. The 
probability that the total potential shall be zero, is 
W (0) = (m/3x)T'(m/3)/(ngm)™"*. 


The intensity at the center of a “statistically” 
broadened line, therefore, decreases with n~™®. 
For finite V, our result can be written in the form 


W(V)=(1/4|V{)Im(V/Vo), (3) 
the function /,, being defined by 


Ia(t)= f exp[ — (u/x)*/™ Jcosudu, 
0 


and Vo=(ngm)™* represents a convenient unit for 
measuring the energy; it is a measure of the potential 
energy of two molecules at their mean distance of 
separation. 
Ill. APPLICATIONS 
Interesting cases are, (a) broadening by permanent 
dipoles (m= 3, e.g., ammonia) and, (b) broadening by 


quadrupoles (m=5; e.g., oxygen). These have usually 
been considered from the point of view of impact 


OF 


PRESSURE BROADENING 


Quadrupoles 








0 


Fic. 1. Line contours for dipoles and quadrupoles. The ordi- 
nates are proportional to the intensities, and x is proportional to 
the frequency displacement. 


theories.! The present considerations become applicable 
to these cases at high pressures and, possibly, at low 
temperatures. But since the statistical effect is always 
basically present and yields a lower limit for all ob- 
servations on the broadening of lines, these results may 
not be without interest. 

For m=3 (dipole broadening) 


Vo=Farnc, I3(x)=x/(1+2°), 
and 
W(V) = Vo/9(V?+ V°?). 


This represents the usual dispersion curve with half- 
width Vo. In an earlier publication® the fact that the 
statistical theory yields a distribution of this form 
when many perturbers cooperate was merely stated, 
but the statement was met with some doubt.® 

For other values of m the integrals must be evaluated 
by numerical computation or series expansion. This 
has been done for a number of instances. As an example, 
I5(x)/x is plotted, together with /3(x)/x, in Fig. 1. 
Note that x= V/V)=Av/Avo in terms of frequencies, 
where Avy is the frequency displacement at the mean 
distance of separation of the molecules. 

For large values of V, W(V) becomes proportional to 
V-'%/™, If one considers only binary interactions, 
W(V) « dr;/dV;, where r;=42r?/3. This also leads to 
V-'4/™ but with a somewhat different factor than that 


*W. V. Smith and R. Howard, Phys. Rev. 79, 132 (1950); 
R. Beringer and J. G. Castle, Phys. Rev. 81, 82 (1950); M. Mizu- 
shima, unpublished work. More general considerations may be 
found in P. Anderson, Phys. Rev. 76, 647 (1949). 

5H. Margenau, Phys. Rev. 76, 121 (1949). 

6 See the comments relating to this point by Smith and Howard, 
reference 4. 
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appearing in the asymptotic expansion of Eq. (3). 
This is in agreement with expectations, since the large 
energies are predominantly caused by single impacts 
of the molecules. 

A wholly different physical situation arises if the 
forces do not change sign, as in the interaction between 
nonpolar molecules. We then take u=1. Equation (2) 
is replaced by 


B(p)= 2f (1—e~**)r'dr 


0 


2 
= 13 (c| p|)* “f t-3/mettdt 
0 


=} exp[#$4(2—3/m) ](c| p|)”"1'(1—3/m). 


The last step involves a partial integration which is 
possible only if m>3. For smaller values of m the dis- 
tribution does not exist. This condition is more drastic 
than in the case of forces which change sign. 


HENRY MARGENAU 


Now define 


2 


g=e'tig’=(i4n/3)0™ f piimeitgs, 


0 


Then, since B(—p)= B*(p), we have 


1 «© 
W(V)= -f exp(—ng’p*/™)-cos(pV+g2'p™)dp. (4) 
0 


Tv 


This distribution is not symmetric and has a mean dif- 
ferent from zero. Indeed, as might have been expected, 


fwonvav—sen f Veer 


The most interesting case for an application of Eq. 
(4) is to the broadening caused by Van der Waals 
forces, for which m=6 and g’=g’’. The details of this 
problem have been worked out already’ in a manner 


7H. Margenau, Phys. Rev. 48, 755 (1935). 
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By studying the alpha-particles emitted in the disintegration of B® by protons it has been shown that 
there exists an excited state in Be’ at 434.4+-4 kev which corresponds to the well-known first excited state 
in the mirror nucleus, Li’. Measurements on the inelastic scattering of protons in Li’ yield a value 479.0+1.0 
kev for the energy of the Li’*. The existence of these mirror states adds support to the equality of the p-p 
and n-n interactions exclusive of electrostatic and magnetic forces. The small difference, 45-4 kev, in the 
excitation energies is larger than second-order electric effects and is believed to be consistent with the 
order of magnitude of magnetic interactions in nuclei. The splitting of the ground and excited states must 
arise in some specific property of the nuclear interactions. In connection with the energy determinations, 
a detailed discussion is given of the precise measurements of the Q-values of nuclear reactions employing 
high resolution analyzers, electrostatic and magnetic, in the determination of particle energies. Experimental 
determinations of the cross sections for B(p,a)Be’, B"(p,a’)Be™(y)Be’, B(p,p)B”, Li’(p,p)Li’, and 


Li’(p,p’) Li’*(y) Li? are given. 


I. INTRODUCTION 


ARLY investigations’ in this laboratory of the 
maximum kinetic energy of the positrons emitted 
by the light radioactive nuclei »C’’, ;N'*, and sO 
showed that these nuclei differed in mass from their 
mirror isobars 5B!!, ¢C’*, and ;N'5, respectively, by 
amounts which are quite simply calculable from the 
electrostatic energies'* of the nuclei and the small 
difference in the masses of neutron and proton. This 
indicated that the intrinsic nuclear interactions among 
any group of nucleons is unchanged if the neutrons are 
replaced by protons and vice versa. On the assumption 
of two body forces, this indicated further that the force 
between pairs of neutrons is equal to that between pairs 
of protons except for the repulsive electrostatic inter- 
action. This equality had been suggested by the 
approximately linear variation of the binding energy of 
nuclei with atomic weight? and explained, in a very 
straightforward way, the fact that the stable nuclei 
consist of approximately equal numbers of neutrons 
and protons, the small excess of neutrons being directly 
attributable to the repulsive electrostatic forces between 
protons. 

In subsequent investigations® it was found that the 
same conclusions could be drawn from measurements 
on the positron energy of all the radioactive transitions 
involving the mirror nuclei with A=2Z+1 up to A=41. 
For Sc“!(8+)Ca“ the maximum positron energy of 4.94 
Mev can be accurately calculated even though the total 
nuclear binding is of the order of 400 Mev for A=41, 
showing that the nuclear binding must be the same for 
Sc# and Ca“ within very narrow limits. Additional 


* This work was assisted by the joint program of ONR and 
AEC. 

1 Fowler, Delsasso, and Lauritsen, Phys. Rev. 49, 561 (1936). 

1s It was assumed that magnetic terms were small. 

2L. A. Young, Phys. Rev. 47, 972 (1935); 48, 913 (1935). 

? White, Delsasso, Fox, and Creutz, Phys. Rev. 56, 512 (1939). 
_— Creutz, Delsasso, and Wilson, Phys. Rev. 59, 63 (1941). 

D. P. King and D. R. Elliott, Phys. Rev. 58, 846 (1940) ; 
5, 403 (1941). 


strong evidence is afforded by the difference in mass of 
Be’ and Li’ and of H® and He’ in which cases the 
electrostatic effects are small and K-capture and elec- 
tron emission, rather than positron emission, occur. 
Recent experimental determinations‘ of the mass differ- 
ences of the radioactive mirror nuclei for which A = 2Z 
+2 can be summarized as follows: ;,B*— 3Li'= 2.0 Mev, 
sC!’— ,Be=3.5 Mev, ;N"—,B'#=4.2 Mev, s0'*—.C" 
=4.9 Mev, :.Na”—,F”=8.3 Mev. These are consistent 
with the conclusions discussed above, but the mass- 
energy differences have not been as precisely determined 
as those for A=2Z-+1. 

The electrostatic energy of a nucleus arising from the 
mutual repulsion of the protons in the nucleus can be 
expressed! as 


Us=42Z(Z—1)e(1/r), (1) 


where (1/r) is the average of the reciprocal of the dis- 
tance between all possible pairs of protons in the 
nucleus. It is usually assumed that the effect of the 
relatively weak electrostatic forces can be calculated by 
perturbation methods using the proton distribution 
determined by the nuclear forces only and that the 
electrostatic energy can be superimposed on the in- 
trinsic nuclear energy without higher order corrections. 
On the additional assumption of constant nuclear 
density out to a radius R= RA}, which is indicated by 
numerous other nuclear phenomena, one can also write 


Ug=32Z(Z—1)/SR=3Z(Z—1)e/SA*Re. 1’) 


The difference in electrostatic energy for mirror nuclei 
for which A =2Z-:n is then given by** 


5U g=}n(A—1)e(1/r)=3n(A—1)e/SA'Ry. (2) 


‘Sherr, Muether, and White, Phys. Rev. 75, 282 (1949). I 
Alvarez, University of California Radiation Lab. Report 739, 
May 31 (1950); Phys. Rev. 75, 1815 (1949). 

4® We include only the term in 6U arising from 5Z=n and 
neglect any contribution from a difference in (1/r) for the two 
nuclei. Such contributions will be small and require, in calculation, 
detailed attention to symmetry properties and higher order 
effects of the coulomb perturbation. 
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All of the results discussed in the preceding paragraphs 
are consistent with the values e?/Ro~2moc? or Ro 1.4 
X10-"* cm. Detailed theoretical calculations have been 
given by numerous authors.® 

It has been emphasized by Inglis* that because of the 
Larmor and Thomas precessions there will be a small 
magnetic contribution to the energy of a nucleus. For 
an unpaired proton or neutron with orbital angular 
momentum /h and spin sh=}$h, a very elementary 
calculation shows that this energy is linear in the 
nuclear density, p= (4rR,*/3)~, and is given by 


Uu~—(g2h?/4ReM 2c?) (1-s)~— 5g’ (1-s) kev, (3) 


where g’ = g,— 1= 4.587 fora protonand g’ = g, = — 3.827 
for a neutron. This expression yields, as an example, a 
contribution in the separation of ;Li7*—;Li’, on the 
assumption that they are ?P states, of approximately 
30 kev, as was first noted by Inglis. There is some 
indication that the nuclear density is anomalously low 
in Li’ and that the true value for the magnetic splitting 
may be somewhat smaller. Spin-orbit forces of an 
intrinsic nuclear nature such as those discussed recently 
by Case and Pais’ may account for the much larger 
observed splitting which is discussed in this paper. 

The difference in magnetic energy for mirror nuclei 
with A =2Z+1 is given by 

eh? 

— }l-s~+50]-s kev, (4) 

RIM Pc 


6U y~ £166.) 


the plus sign holding for an unpaired proton in the 
nucleus with A=2Z+1 and the minus sign for an 
unpaired neutron in this nucleus. The magnetic inter- 
actions are treated in considerably more detail in the 
paper by Inglis which follows this one.”* The total 
interaction energy difference for corresponding low 
lying states of mirror nuclei will be given by 65U=6Uz 
+6Uy. Additional complications in states of high 
excitation are discussed briefly in Sec. VII. 

In addition to the equality of neutron-neutron and 
proton-proton forces, it has been known for some time, 
from scattering experiments, that the singlet s-wave 
interaction between neutron and proton was approxi- 
mately equal to that between pairs of protons if ranges 
and shapes are assumed to be identical.* There exists, 
however, a small difference, the neutron-proton po- 
tential depth exceeding that of two protons by several 
percent.® It has been shown recently" that the magnetic 
interaction between nucleons accounts adequately for 


5E. Feenberg and E. Wigner, Phys. Rev. 51, 95 (1937); E. 
Wigner, Phys. Rev. 51, 106, 947 (1937), 56, 519 (1939); H. A. 
Bethe, Phys. Rev. 54, 436 (1938); and E. Feenberg and G. 
Goertzel, Phys. Rev. 70, 597 (1946). 

*D. R. Inglis, Phys. Rev. 50, 783 (1936). 

7K. M. Case and A. Pais, Phys. Rev. 79, 185 (1950). 

™ D. R. Inglis, Phys. Rev. 82, 181 (1951). 

* Breit, Condon, and Present, Phys. Rev. 50, 825 (1936). 

* Breit, Hoisington, Share, and Thaxton, Phys. Rev. 55, 1103 
(1939). 

” J. Schwinger, Phys. Rev. 78, 135 (1950). 
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this difference if the nuclear potential resembles that 
of Yukawa. It has also been shown that the anomalous 
scattering results at very high energies,’ which seemed 
to demand inequality in the p-p and singlet n-p forces, 
can be explained by the introduction of a spin-orbit 
velocity dependent interaction’? or by a very short 
range repulsive interaction between nucleons.'? There 
would thus seem to be, at the present time, no conclu- 
sive evidence against the hypothesis that nuclear forces 
are fundamentally charge independent. Complications 
arising from the exclusion principle, which excludes 
certain interactions for like particles, must, of course, 
always be taken into account. 

From the charge independence of nuclear forces, and 
in particular from the equality of neutron-neutron and 
proton-proton forces it follows that mirror nuclei should 
have corresponding series of excited quantum states as 
long as electromagnetic perturbations are not too large. 
Not only should the difference in energy of the ground 
states of mirror nuclei be given by a simple electrostatic 
and magnetic calculation but so also should the differ- 
ences in energy of the low-lying excited states of these 
nuclei, with proper allowance being made for the fact 
that the excited states might have different radii than 
do the ground states and also different spin-orbit values 
and orientations. With the publication in 1948 of a 
summary of the energy levels of light nuclei,'* it became 
clear that very little information was available on the 
excited states of mirror nuclei. In general, one or both 
of the pairs fell in the class of nuclei whose energy 
levels had not been investigated experimentally for one 
or more of the large variety of reasons which were 
emphasized in a discussion" of the methods of investi- 
gating the excited states of light nuclei. It was realized 
that a definite solution of the problem would await a 
complete investigation of the level structure of a number 
of mirror pairs, but it was decided that a start could 
best be made by a search for an unknown level in one 
member of a pair corresponding to a well-known level 
in the other member of the pair. 

The most carefully and completely investigated ex- 
cited state in light nuclei is the excited state of Li’ at 
479 kev. This is illustrated in Table I where we list the 
numerous measurements which have been made on the 
energy of this state. We give, in the table, a complete 
list of references on determinations of the energy of 
this state, some of which will be discussed further in 
the following. The existence of this state was first 
indicated by the detection of gamma-rays from the 
non-capture excitation of lithium with alpha-particles 


1 R. S. Christian and E. W. Hart, Phys. Rev. 77, 441 (1950); 
79, 85 (1950). 

2 R. Jastrow, Phys. Rev. 79, 389 (1950). 

18 W. F. Hornyak and T. Lauritsen, Revs. Modern Phys. 20, 191 
(1948). T. Lauritsen, N.R.C. Preliminary Report No. 5 (1949), 
and Hornyak, Lauritsen, Morrison, and Fowler, Revs. Modern 
Phys. 22, 291 (1950). 

% Lauritsen, Fowler, and Lauritsen, Nucleonics 2, No. 4, 18 
(1948). 
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TABLE I. Measurements of the excitation energy of Li’*. 


NYCLET, ‘Li? 


AND Be? 








Investigators 


Reference 





Method 


Reaction Energy (kev) 





Bothe and Becker Z. Physik 66, 289 (1930). 
Webster 

Savel 

Schnetzler 

Delsasso, Fowler and Lauritsen 
Bothe 

Rumbaugh, Roberts and Hafstad 


Comptes rend. 198, 1404 (19 
Z. Physik 95, 302 (1935). 

Phys. Rev. 48, 848 (1935). 
Z. Physik 100, 273 (1936). 
Phys. Rev. 50, 681 (1936). 
Phys. Rev. 54, 657 (1938). 
Phys. Rev. 50, 689 (1936). 
Z. Physik 104, 540 (1937). 
Phys. Rev. 52, 390 (1937). 
Phys. Rev. 53, 227 (1938). 
Naturwiss. 26, 614 (1938). 
Z. Physik 112, 569 (1939). 


H 

Williams, Shepherd, and Haxby 
Livingston and Hoffman 
Maier-Leibnitz 


Roberts, Heydenburg, and Locher 
Bower, Bretscher and Gilbert 

O’Ceallaigh and Davies . 
Mauer and Fisk Z. Physik 112, 436 (1939). 
Phys. Rev. 56, 841 (1939). 
Phys. Rev. 57, 587 (1940). 
Phys. Rev. 57, 855 (1940). 


Fowler and Lauritsen 

Hudson, Herb, and Plain 

Graves 

Wilson 

Zlotowski and Williams Phys. Rev. 62, 29 (1942). 

Béggild 
Medd. 23, No. 4 (1945). 

Rubin Phys. Rev. 69, 134 (1946). 

Siegbahn and Slatis 

Siegbahn 

Gilbert 

Zaffarano, Kern and Mitchell 

Kurie and Ter-Pogossian 

Buechner, e al. 

Buechner, e¢ al. 

Elliott and Bell 

Stebler, Huber and Bicksel 

Rasmussen, Hornyak and Lauritsen 

Rasmussen, Hornyak and Lauritsen 

Hornyak, Lauritsen and Rasmussen 

Ter-Pogossian, Robinson, and 

Goddard 

Thomas and Lauritsen 

Burcham and Freeman 

This report 


Phys. 
Phys. 
Phys. 
Phys. 
Phys. 
Helv. 
Phys. 
Phys. 
Phys. 
Phys. 


Rev. 74, 105 (1948). 
Rev. 74, 677 (1948). 


Rev. 76, 581 (1949). 
Rev. 76, 581 (1949). 
Rev. 76, 731 (1949). 


Phys. Rev. 78, 88 (1950). 
Phil. Mag. 41, 337 (1950). 


* No correction for Doppler shifts. 


by Bothe and Becker, Webster, Savel, and Schnetzler. 
The latter two investigators each measured the energy 
of the gamma-rays as approximately 0.5 Mev and 
correctly inferred their origin. Two groups of protons 
were observed in the bombardment of natural lithium 
targets by Delsasso, Fowler, and Lauritsen. The state was 
shown to be in the nucleus Li’ by Rumbaugh and Haf- 
stad, who detected two groups of protons from the re- 
actions Li®(d,p)Li’ and Li®(d,p’)Li™, using a separated 
Lif target. 

Several energy determinations of increased precision 
were made later, one being made in this laboratory by 
Rubin, who found an energy of 476+10 Mev by a 
comparison of the absorption coefficient of the radiation 
from Be?(K)Li™*(y)Li’ with that of the annihilation 
radiation of positrons. In 1949, two methods were used 
in this laboratory to measure the energy of this state 
with high precision. A magnetic lens gamma-ray spec- 
trometer was used to measure the energy of the radia- 


Proc. Roy. Soc. (London) 136, 428 (1932). 
34). 


Phys. Rev. 53, 1016 (1938). 
Proc. Cambridge Phil. Soc. 34, 290 (1938) 
Proc. Roy. Soc. (London) 167, 81 


Proc. Roy. Soc. (London) 177, 382 (1941). 
Kgl. Danske. Videnskab Selskab Math.-fys. 


Arkiv. f. Ast. Math-Fys. 34A, No. 15 (1946). 
Arkiv. f. Ast. Math-Fys. 34B, No. 6 (1946). 
Proc. Cambridge Phil. Soc. 44, 447 (1948). 


Rev. 74, 1569 (1948). 
Rev. 74, 1569 (1948). 
Rev. 74, 1869 (1948). 
Phys. Acta. 22, 362 (1949). 


Rev. 76, 1407 (1949). 


detected y-rays 
y-absorption 
y-absorption 
y-absorption 
detected p-groups 
y-spectrometer 
p-group ranges 


Lit(a,a")Li™* 
Li"(a,a’)Li™* 
Li"(a,a")Li™* 
Li?(a,a’)Li™* 
LiS(d,p’)Lit* 
Lit(a.a")Li™* 


Li®(d,p’)Li™ 


600+ 100 
500 
500 


200?, 390, 590 
455-15 
Li?(a,a’)Li™ 700-70 
B'°( ar’) Li?™* 
Li8(d,p’)Li™* 
B'°( cr’) Li?* 
Be?(K)Li?* 


y-absorption 
a-group ranges 
-absorption 
a-group ranges 
-cloud chamber 


900 
400+ 25 
480 


425+ 20 


425425 

500 

5504150 | 

209, 410, 640, 
840? 


Be?(K)Li™* 
B°(n,cx’) Li?* 
B'°(n ar’) Li™* 
B!9( 9,0’) Li? 


y-absorption 

a-group ranges 
a-group ranges 
total ionization 


(1938). 


495+ 25 
459 
494+ 16 
420450 
48545 


y-absorption 
-absorption 
a-group ranges 
total ionization 
y-coincidence 
counters 
total range 


Li?(p,p’)Li?* 
Li?(p,p’)Li™* 
Be*(d,a)Li* 
B'°(n,a’) Li? 
Be’(K)Li™* 
B'°(n,ce’)Li™* 420 
47610 
462 
45345 
500-40 
474-44 


Be"(K)Li™* 
Li?(a,ar')Li™* 
Be?(K)Li?* 
B!°(,07’) Li™* 
Be?(K) Li 
Be?(K)Li™* 
Be*(d,ar’)Li?* 
Li*(d,p)Li™ 
B!°( cx’) Li?* 
B'( of)Li?™* 
Be?(K)Li?* 
Be*(d,a’)Li™* 
Li?(p,p’)Li™* 
Be’(K)Li?* 


Lit(d,p’)Li™* 
B!°(9p,c)Li?* 
Lit(p,p’)Li™™ 


+-absorption 
y-spectrometer 
y-spectrometer 
a-Li’ group ranges 
-spectrometer 
-spectrometer 
a-spectrometer 
p-spectrometer 
y-spectrometer 
total ionization 
-spectrometer 
y-spectrometer 
‘y-spectrometer 
-spectrometer 


478.30.6* 
478.5+0.5 


478.5+1* 
490+ 70 
479.041 


-spectrometer 
a-spectrometer 
p-spectrometer 








tion following the inelastic scattering of protons by Li’. 
In addition, a double focusing particle spectrometer'® 
was employed to measure the difference in energy of 
the elastically and inelastically scattered protons. A 
preliminary estimate'® for the excitation energy was 
reported. These latter measurements will be discussed 
in detail as a part of this paper. With these experiments 
as background, it was considered appropriate to search 
for a corresponding level in Be’, the mirror nucleus of 
Li’. As Be’ is not readily available as a target for 
nuclear disintegration experiments, the most straight- 
forward investigation, namely that of the inelastic 
scattering of protons by Be’, was ruled out. It was 
decided to study the reaction B’°(p,a)Be’ and to look 
for evidence for B!(p,a’)Be™. The alpha-particles 
produced in the bombardment of B" by protons are of 


% Snyder, Rubin, Fowler, and Lauritsen, Rev. Sci. Inst. 21, 
852 (1950). 
16 Fowler, Lauritsen, and Rubin, Phys. Rev. 75, 1471 (1949). 
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TABLE II. Measurements of the excitation energy of Be™. 








Investigators Reference 


Method 


Reaction Energy (kev) 





Grosskreutz and Mather 


Phys. Rev. 77, 411 (1950). 
Phys. Rev. 77, 413 (1950). 
Phys. Rev. 78, 72 (1950). 
Phys. Rev. 78, 73 (1950). 
Phys. Rev. 78, 88 (1950). 


Hall 

Johnson, Laubenstein and Richards 
Whaling and Butler 

Hamermesh and Hummel 
Lauritsen and Thomas 


Proc. 
Phil. Mag. 41, 337 (1950). 
Phys. Rev. 79, 721 (1950). 
Phys. Rev. 79, 900 (1950). 


Phys. Rev. 80, 768 (1950) 


Gibson and Green 

Burcham and Freeman 

Freier, Rosen, and Stratton 

Van Patter, Sperduto, Strait, and 
Buechner 

Keepin 

This report 


Phys. Rev. 77, 580, 747 (1950). 


Phys. Soc. (London) 63, 494 (1950). 


205, 470, 745, 
all +70 
420 to 480 
435415 
about 400 
428+20 
42945 


Li’(p,m)Be™  m-groups 
Li’(p,) Be”* 
Li’( p,m) Be™ 
Li*(d,n) Be™* 
Li"(p,n) Be™* 
Li*(d,n) Be™* 
B!°(p,a) Be™* 
Li®(d,n) Be”* 
Bp.) Be™* 
Li?(p,n)Be™ 
B'°(p,a) Be™ 


n-groups 
n-groups 
n-groups 
n-groups 

Y, spectrometer 


450+60 
about 400 
428+15 
43145 


433426 
434.444 


n-groups 
a-groups 
n-groups 
a-groups 


Li?(p,n)Be™ 
B'°(p,a) Be”* 


n-groups 
a-groups 











low energy and could be analyzed easily in the double 
focusing magnetic spectrometer mentioned above, with 
which observations on alpha-particles up to 2 Mev in 
energy can be made. Furthermore, these reactions are 
of considerable interest because of their correspondence 
with the well-known neutron reactions, B!°(n,a)Li’ and 
B!°(n,a’)Li™. Preliminary results'’ of the investigation 
of these proton reactions have been presented. Similar 
results have been obtained at the Massachusetts Insti- 
tute of Technology.'® Numerous investigators (Table 
II) have shown that the excited state occurs in the 
reaction Li®(d,n’)Be™*, and Grosskreutz and Mather 
have reported evidence for the occurrence of two addi- 
tional low energy excited states of Be’ in this reaction. 
In this laboratory, a careful comparison’? has been 
made of the energy of the gamma-rays from the two 
excited mirror states produced in the mirror reactions 
Li§(d,p’)Li™ and Li®(d,n’)Be™. These results will be 
reported in detail separately. 


Il. THE EXPERIMENTAL ARRANGEMENT 


The apparatus used in these experiments has been 
described previously in detail. The protons for the 
bombardment were accelerated in the 1.7-Mev electro- 
static accelerator” of the Kellogg Radiation Laboratory. 
The energy of these incident protons was determined 
accurately by passing the beam through a 90°, one 
meter radius, electrostatic analyzer?! whose energy 
resolution is 2X10~* of the bombarding energy. This 
resolution has been recently ascertained by measure- 
ments on the narrow resonance in Al(p,7) at 993 kev. 
The electrostatic analyzer was calibrated against the 
resonance at 873.5 kev in the gamma-ray yield from 
the proton bombardment of fluorine. In making the 
calibration, corrections were made for relativistic mass 


17 Chao, Lauritsen, and Tollestrup, Phys. Rev. 76, 586 (1949). 
Brown, Chao, Fowler, and Lauritsen, Phys. Rev. 78, 88 (1950). 

18 Van Patter, Sperduto, Strait, and Buechner, Phys. Rev. 
79, 900 (1950). 

9 C. C. Lauritsen and R. G. Thomas, Phys. Rev. 78, 88 (1950). 

*” Lauritsen, Lauritsen, and Fowler, Phys. Rev. 59, 241 (1941). 

% Fowler, Lauritsen, and Lauritsen, Rev. Sci. Instr. 18, 818 
(1947). 


changes, for the positive guard potential on the target 
which was used to avoid the effects of secondary electron 
emission, for the change of the target potential during 
bombardment, and for the presence of contamination 
layers of carbon and oxygen on the target. This last 
effect was minimized by the use of an auxiliary pumping 
system and liquid air trap on the target chamber. It is 
believed that the energy of the protons actually incident 
on the relevant target material was known to about 
0.1 percent on an absolute scale, and for comparison 
experiments it could be held to 0.02 percent. 

The energy of the scattered particles and of the 
reaction products was measured by a 180°, 26.7-cm 
radius, double focusing magnetic spectrometer.’ The 
spectrometer was calibrated by using protons of known 
energy leaving the electrostatic analyzer scattered at a 
known angle into the spectrometer by copper or gold 
targets. Details of the calibrations are given in the 
reference cited. The method of determination of the 
angle of observation of the spectrometer is also discussed 
in this reference. It is believed that the energy of the 
products of a reaction could be determined to +0.1 
percent and that the angle was known to +0.3°. The 
particles were detected after leaving the magnetic 
spectrometer by either an ionization chamber or by a 
scintillation counter.” The scintillation counter was 
found to be especially convenient because it was not 
necessary to use thin vacuum tight foils before it, as 
was the case with the ionization chamber. 

In those cases in which protons and alpha-particles 
of the same energy passed through the spectrometer, 
at a given field setting, into the detector, it was neces- 
sary to use auxiliary absorption techniques to distin- 
guish them. Aluminum foils thick enough to stop the 
alpha-particles but thin enough to pass the protons 
could be interposed between the spectrometer and the 
counter, and readings were taken with and without the 
foils in place. The first reading gave the number of 
protons, with some small correction for scattering and 
straggling in the foil, while the difference gave the 
number of alpha-particles. 


2 A.V. Tollestrup, Phys. Rev. 74, 1561 (1948). 
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The gamma-radiation produced during the various 
bombardments was monitored with a Geiger-Miiller 
counter made by the Radiation Counter Laboratories 
of Chicago. The wall of the counter was glass weighing 
30 mg/cm? and the cathode was a thin silver deposit 
on the wall. The effective length of the counter was 
33 inches and its diameter was 23/32 inch. The counter 
was mounted axially in a lead cylinder 2j inches in 
diameter with a slot the width and length of the counter 
cut to admit the radiation. The hole for the counter 
was lined with an aluminum cylinder whose wall 
thickness was 3/32 inch. 


Ill. EXCITATION ENERGY OF Li’™ 


The excitation energy of the state is determined 
directly by measuring the energies of incident and 
inelastically scattered protons and solving for the 
reaction energy Q by the usual formula of nuclear 
dynamics.”** The excitation energy is equal to —0*, 
where Q* applies to the inelastic scattering process in 
which Li™ is produced. The entire procedure involves 
three separate measurements. First, the energy scale of 
the electrostatic accelerator is calibrated. The resulting 
datum is a conversion factor between the potentiometer 
reading for the voltage on the electrostatic analyzer and 
the absolute energy in kev of the bombarding protons. 
Second, the magnetic spectrometer is calibrated against 
the electrostatic analyzer. In the present instance, since 


the magnetometer reading is inversely proportional to 
the magnetic field of the spectrometer, the resulting 
datum is a constant which is to be divided by the 
square of the magnetometer reading to give the energy 
of the scattered protons. Third, with a fixed bombarding 
energy, the energy of protons, inelastically scattered 
from a lithium target, is measured. Details of the 


calibrations, including small relativistic corrections, 
are given in Appendix A. 

For calibration of the spectrometer, curves which we 
have termed “profiles” were run for thick targets of 
copper and lithium and for the thin contamination 
layers of carbon and oxygen which appear on the surface 
of the lithium. These profiles are shown in Fig. 1 and 
Fig. 2. All were taken with a bombarding energy of 
1237.3 kev, and observations were made at an angle of 
81.1 degrees relative to the beam with the target 
symmetrically placed relative to incident and outgoing 
beams. A copper scattering curve using HH* ions (mass 
2 beam) was also obtained in order to calibrate the 
spectrometer in the region intermediate between the 
elastic and inelastic protons scattered by lithium. In 
the calculations a small correction for surface layer 
losses was made on £,. For the thick targets, the 
magnetometer reading corresponding to the midpoint 
in the rise for a given group of particles plus a correction 


*s We have incorporated all mathematical details in the 
appendices. The expression for Q is given in Appendix A, Eq. (11) 
and an expression “e the difference in two Q-values is given in 


Appendix C, Eq. (3 
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Fic. 1. Spectrometer profiles of the protons scattered at @ia» 
=81.1° by thick lithium and copper targets. The energy of the 
incident protons was 1237.3 kev (618.3 kev for the individual 
protons in the mass 2 or HH* beam), and the energy of the 
scattered protons is given non- relativistically by Eo=1738l-? 
Mev, where / is the fluxmeter reading. 


for surface layers was taken as a measure of the scat- 
tered energy, and for the thin targets, the centroid of 
the observed particles, plus one-half the surface layer, 
was used. These procedures are discussed in Appendix 
B. In addition, a correction for the isotope Li*® was 
made in the lithium case. A major uncertainty in the 
data is the thickness of contamination layers on the 
surface of the thick targets. This was minimized by 
making the bombardments as short as possible con- 
sistent with good statistics and by using high energy 
protons which lose relatively little energy in traversing 
the film. That the error is quite small was attested by 
the agreement (see Tables I and II of reference 15) 
between the calculated values of the spectrometer 
constant for the various scattering targets and scattered 
beams. 

In the detection of the inelastically scattered protons 
one must use a semi-thin lithium target on a semi-thin 
backing. By “semi-thin” is meant a thickness measured 
in energy units that is greater than the resolution width 
of the spectrometer but much less than the energy of 
the incident protons. Actually, the backing foil should 
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Fic. 2. Spectrometer profiles of the protons scattered at Oi.» 
=81.1° by thin carbon and oxygen targets. The energy of the 
incident protons was 1237.3 kev and the energy of the scattered 
protons is given non-relativistically by Ey=17387~* Mev, where 
I is the fluxmeter reading. 
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Fic. 3. Dependence of the number of protons scattered by a 
surface layer of oxygen increasing with amount of bombardment 
and the corresponding effect on the number of protons inelastically 
scattered at a given spectrometer setting by the underlying 
lithium target. 


be as thin as possible. The lithium targets were made 
by evaporation in an “oven” directly below the target 
chamber and a beryllium foil (~10 kev energy loss for 
1 Mev protons) was used as backing. The tail of the 
elastic scattering from the beryllium and lithium ex- 
tends, because of straggling and scattering, down to the 
energy of the inelastic protons, giving a large back- 
ground count, as is shown by the dashed line in Fig. 1. 
The background is so large because the cross sections 
for elastic scattering in lithium and beryllium exceed 
the lithium inelastic scattering cross section by factors 
of 10 and 40, respectively. With available foils of higher 
atomic number than beryllium, the background was 
found to be even larger. 

With the long bombardments required to get sufh- 
cient numbers of inelastic protons, the surface contami- 
nation became a serious source of error. We were 
fortunate, however, to be using a target having a smaller 
atomic number than the contaminants, since this made 
possible a quantitative evaluation of the error intro- 
duced by the surface layers and a correction for it as 
discussed in the following paragraphs. 

First, a preliminary profile curve of the inelastic 
protons was run. As shown in Fig. 1, its midpoint 
came at a fluxmeter reading of 56.88. Since this point 
was reached after considerable bombardment, it was 
certain that the true midpoint lay somewhat to the 


TABLE III. Estimate of errors in the excitation energy of Li’. 








Error in 
= 


Direct error (kev) 


6E/E=10™ 
6¢/&=0.2 
6E,/E.= 10-* 
60=0.3° 
AE,/E,=10™ 


Final value and probable error 


Source of error 





Quantity 


+0.5 
+0.1 
+0.6 
+0.4 
+0.5 


479.0+1 kev 


E,, E: Calibration 
Surface layer 

Ey Location of E22’ 

6 Measurement of @ 

E, Statistical 
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right of this one (i.e., at higher energy, smaller fluxmeter 
reading). Numerous trials with freshly evaporated 
targets indicated that the midpoint for very short 
bombardment lay at 56.70. Profile curves of the carbon 
and oxygen contamination after various lengths of 
bombardment (Fig. 2) showed definitely that the 
surface layers increased with bombardment. Conse- 
quently, a fresh layer of lithium was deposited, and 
with the bombarding voltage fixed at 1237.3 kev, 
points were taken with the spectrometer set alternately 
at 56.70 (the assumed midpoint for inelastic scattering 
from lithium) and at 39.50 (the oxygen peak). The 
latter required only about one-tenth of the bombard- 
ment time of the former to give sufficient counts. The 
resulting data are shown in Fig. 3. As the thickness of 
the surface layer built up, the lithium profile moved 
gradually to the left so that the pajnt 56.70 slid gradu- 
ally down the profile until it reached the background 
plateau, after which the yield flattened out as shown in 
the curve. The shape of the two curves was such that 
extrapolation seemed feasible. It was apparent that a 
contamination layer existed on the lithium even before 
the bombardment began. The oxygen curve was there- 
fore extrapolated down to the horizontal axis, and the 
corresponding value of the extrapolated lithium curve 
(80 counts per unit charge) was taken as the number 
of counts which would have been obtained in the 
absence of any contamination layer. Actually, 80 counts 
was slightly more than half-way up the edge of the 
lithium profile curve, and the fluxmeter reading finally 
decided upon was 56.60, corresponding to a scattered 
proton energy of 539.3 kev. Putting this value and the 
bombarding energy 1237.3 kev into the nuclear dy- 
namics equation with the relativistic corrections dis- 
cussed in the appendices gave for the reaction energy 
Q*= — 479.0 kev. 

The validity of the extrapolation was checked by 
calculating the Q* in another way. From the oxygen 
and carbon profiles in Fig. 3 for minimum bombard- 
ment, one can calculate, using formulas discussed later 
in this paper, the number of nuclei in the contamination 
layer. It was found that the thickness of the minimum 
layer was 0.42/cos50°=0.65 kev for the incident protons 
(1237.3 kev) and 0.75/cos50° = 1.16 kev for the inelasti- 
cally scattered protons (537.4 kev, corresponding to a 
magnetometer reading of 56.7). On correcting the two 
energies by these amounts, the calculated value of Q* 
was — 479.3. In the calculation of the layer thickness 
we used the Rutherford scattering formula, so that the 
agreement is a good check that the scattering cross 
sections for carbon and oxygen are not markedly 
different from the Rutherford values at these energies 
even though reactions other than scattering do occur. 

The inelastic scattering energy was also measured at 
137.8° to the beam. The observed lithium edge midpoint 
was 68.0 for approximately the same amount of bom- 
bardment as that of the 56.88 point above. The actual 
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layer thickness was not measured, but assuming it to 
give the same percentage correction as in the first case, 
it yielded a value of —479.1 kev for the value of Q, but 
with considerably greater probable error. 

The statistical probable error of the above determi- 
nations was reduced, by numerous trials with freshly 
evaporated targets, to a relative value of 0.1 percent 
of the final result. There are several systematic errors 
of this same order of magnitude. They are discussed in 
detail in Appendix C and are tabulated in Table III. 
The final result and estimated probable error for the 
excitation energy of Li’* or for —Q* of the inelastic 
scattering process, Li’(p,p’)Li™*, is 479.0+1.0 kev. 

The most accurate of the recent measurements of the 
gamma-ray energy (Table I) is 478.5+0.5 kev. Our 
value of 479.0+1.0 is in substantial agreement with 
this. Since our value is proportional to the original 
energy scale calibration of the accelerator, the agree- 
ment gives an independent check on this scale. In order 
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Fic. 4. Spectrometer profiles for the alpha-particles produced 
at @4»= 137.8° in the reaction B"(p~,a)Be’ by protons of energy 
742 kev and 989 kev bombarding a thick B™ target. The alpha- 
particle energy is given non-relativistically by E>=17507~? Mev, 
where J is the fluxmeter reading. 


to make the two values coincide, the energy of the 
F (p,a’y)O'* resonance would have to be 872.6+2.0 kev, 
in agreement within the probable errors with the 
determination of Herb, 873.5+0.9. We feel that this 
constitutes an indirect but completely independent 
check of the current nuclear energy scale. 


IV. EXCITATION ENERGY OF Be™* 


In order to obtain an accurate value for the difference 
of the Q-values of the reactions to the ground state and 
to the excited state of Be’, the alpha-particles from the 
two reactions, B'°(p,a)Be’ and B!°(p,a’)Be™, were ob- 
served at different bombarding energies, so chosen that 
the energies of the alpha-particles were approximately 
the same. In this way the determination of the excita- 
tion energy of Be’* was insensitive to errors of calibra- 
tion of the magnetic spectrometer and to the relatively 
large energy losses of the alpha-particles in surface 
layers. 

The targets used in this part of the experiment were 
B" or (B'°).O3 evaporated on aluminum leaf. The B'” 
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Fic. 5. Spectrometer profiles for alpha-particles, Be’** ions, 
and scattered protons observed at @j4»=137.8° from a thin 
(B”),O; target on aluminum bombarded by 1488-kev protons 


isotope was obtained from the Atomic Energy Commis- 
sion. The target had to be thin enough to keep too 
many elastically scattered protons and alpha-particles 
of the main group from deep in the target from entering 
the spectrometer when the reaction B!°(p,a’)Be™* was 
being observed. The subtraction technique, which was 
used to distinguish between protons and alpha-particles, 
resulted in large uncertainties whenever the number of 
protons was equal to or larger than the number of 
alpha-particles. 
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Fic. 6. Spectrometer profiles for the alpha-particles produced 
in the reactions B"(p,a’)Be™ and B"(p,a)Be? at 0:45 = 137.8° by 
protons of the indicated energies. The target was B” evaporated 
in a thin layer on Al. The alpha-particle energies are given 
non-relativistically by Eo=1750/~* Mev, where J is the fluxmeter 
reading. 
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TABLE IV. Measurements on the excitation energy of Be™*. 








Bombarding proton 
energy (kev) 
Ey’ I id 


41.85 43.10 
41.85 42.75 
42.88 43.10 
42.88 42.75 
886.7 1488.9 42.73 43.10 
886.7 1538.5 42.73 42.75 


Mean value and statistical probable error 


Fluxmeter reading AQ 
(kev) 





435.4 
441.0 
429.7 
435.2 
429.8 
435.3 


434.443 


1488.9 
1538.5 
1488.9 
1538.5 


992.2 
868.1 
868.1 








Profiles of the alpha-particles from the two reactions 
and of the protons scattered by B!°, Al?’, C’*, and O'* 
are shown in Figs. 4-6. The angle of observation was 
137.8°. In Fig. 6 the alpha-particle profiles are shown 
on an extended inverse momentum scale. In the series 
of measurements here represented the two alpha- 
particle groups have about the same energy. It was 
these measurements which were used to obtain AQ, and 
the results are tabulated in Table IV. The calculation 
of AQ was made using Eq. (3) of Appendix C. An esti- 
mate of the target thickness from the shape of the 
curves indicated that the point which most probably 
represented the energy of the alpha-particles from the 
front surface of the target was that at which the yield 
was 0.6 times the maximum. This choice is particularly 
uncertain in the case of the alpha-particles accom- 
panying the production of Be’* because of the large 
background of scattered protons. 

Each of the three readings for the main group was 
combined with each of the two readings for the second 
group in order to give, as nearly as possible, equal 
weight to each, and the resulting six values of AQ were 
averaged. The scatter of the results indicates that the 
statistical probable error of the average is about +3 kev. 
This error and the systematic errors are tabulated in 
Table V. It will be noted that we have estimated a 
relative error of 0.15 percent for the determination of 
E2,' and that this contributes the largest part of the 
systematic error. The final value and probable error for 
the excitation energy of Be™* is 434.4+4 kev. This is 
to be compared with other determinations given in 
Table II and in particular with the value 431+5 kev 
given by Van Patter, et al.'8 

The three determinations of the energies of the 
alpha-particles from B!°(p,a)Be? can be used to obtain 


TABLE V. Estimate of errors in the excitation energy of Be™. 
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three measurements of the Q of this reaction, and these 
have been combined with eight determinations by 
Chao, Lauritsen, and Tollestrup,’? using the same 
apparatus and methods as described in this report to 
yield an average value Q= 1.148+0.006 Mev. This can 
be combined with our value for the AQ to give Q*=0.714 
+0.008 Mev for the B!%(p,a’)Be™ reaction. These 
results are to be compared with those of Van Patter, 
et al.8 which are = 1.152+0.004 and 0*=0.721+0.006 
Mev. 

The average of the two values for Q=1.150+0.003 
can be employed with the value* Q=—1.645+0.002 
Mev for Li’(p,n)Be’ to give a value for the Q of the 
reaction B!°(n,a)Li? equal to 2.795+0.004 Mev. From 
this one can calculate that Q* for B!°(n,a’)Li™ is equal 
to 2.316+0.004 Mev, which is in excellent agreement 
with the value 2.310+0.010 Mev which has been 
recently determined by careful ionization measure- 
ments. 


V. THE CROSS SECTIONS 


Cross sections were measured as a function of proton 
energy for the following reaction products: (a) the 
main group of alpha-particles from B!°(p,a)Be’ at 
137.8°, (b) the lower energy group of alpha-particles 
from B!°(p,a’)Be™* at 137.8°, (c) the gamma-radiation 
from the decay of the residual Be™* at 90°, (d) the 
protons elastically scattered by B'® at 137.8°, (e) the 
protons elastically scattered by Li? at 81.1° and 137.8°, 
(f) the protons inelastically scattered at the same 
angles by Li’ according to the reaction Li’(p,p’)Li™, 
and (g) the gamma-radiation from the decay of the 
residual Li’* at 90°. All the angles listed above are in 
the laboratory system of coordinates and are measured 
relative to the direction of the incident proton beam. 


(A) The Cross Section of B'°(p,a)Be’ 


The cross section of the main group of alpha-particles 
was measured for proton energies from 615 kev to 1114 
kev and from 1208 kev to 1585 kev. It was necessary 
to use different target arrangements in the two energy 
ranges to avoid scattered protons. Between 1114 kev 
and 1208 kev, with either target arrangement, large 
numbers of protons were scattered into the spectrometer 
with energies such as to be counted, and reliable data 
for the alpha-particles could not be obtained. 

For bombarding energies between 615 kev and 1114 
kev, the target was made by evaporating on a copper 
strip a layer of (B'*),O; thick enough to stop all incident 
protons. At these bombarding energies, protons scat- 
tered elastically by heavy backing material had approxi- 
mately the same energy as the alpha-particles from the 
reaction being studied, and it was necessary to absorb 
them in the target. The upper limit on the bombarding 
energy was the energy at which the protons scattered 

23 Herb, Snowdon, and Sala, Phys. Rev. 75, peat Shoupp, 


Jennings, and Jones, Phys. Rev. 76, 502 (1949 
% Jesse, Forstat, and Sadauskis, Phys. Rev. M7, 782 (1950). 
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from oxygen had nearly the same energy as did the 
alpha-particles from the reaction. 

In these measurements the energy loss in the target 
for the reaction products is greater than the energy 
interval accepted by the spectrometer window. The 
cross section in the center-of-mass system is thus given 
by's 


o(8-)=49/Q(Re€ett/2E20)f¥ (Het*) (S) 
= (Re€ett/qQ-E2)fN (He**) X10 barns, (S’) 


where o(6,) is 4% times the cross section per unit solid 
angle observed at an angle @, in the center of mass 
coordinates with the incident proton beam. Y(Het*) 
is the number of doubly-charged helium ions observed 
per incident proton. It is given by (1/¢)N (He**) X 1.602 
X10-, where N(Het+) is the number of doubly- 
charged helium ions observed for g microcoulombs 
of protons incident on the target. The factor f=1 
+Y(Het)/Y(Het*) corrects for those helium nuclei 
which are produced in the reaction but are not counted 
because they are only singly charged when they leave 
the target, having captured an electron. The correction 
for singly-charged helium ions was obtained from a 
curve prepared by R. G. Thomas of this laboratory 
using data of Henderson,”* Briggs,?* and Rutherford.?’ 
No correction was made for neutral particles, their 
number being very small at the energies encountered in 
these experiments. The quantity 2K2/R-eetr is the 
number of effective target nuclei per square centimeter 
perpendicular to the beam; this is shown in Appendix B. 
In (5’) €ett=€:(0E2/8E,+ ) must be in the customary 
units, 10-'® ev-cm? and Exo the energy of the observed 
particles must be in electron-volts; 2. is the solid angle 
in the center-of-mass system in steradians. 

The cross section given by Eq. (5) is not the cross 
section at the energy Ey, of the incident particles 
leaving the electrostatic analyzer and impinging on the 
top layer of the target. In Appendix B it is shown that 
the energy of the incident particles actually producing 
the observed particles is given by Eq. (3’). In this 
equation Ez, is the energy of the outgoing particles 
produced when the incident particles do have energy 
E\s. The quantity E2, can be calculated for each 
analyzer setting, Eis, from Eq. (12) of Appendix A 
once the Q of the process has been determined, as by 
the methods discussed previously in this paper. We 
have, in general, prepared extensive tables of Ezz vs E:p 
as aids during the actual determination of cross section 
data. The magnetic spectrograph is set at each determi- 
nation at a “following” energy E29, just enough below 
Ex» to fill the spectrograph window or to avoid surface 
layer effects. From time to time complete profiles were 
run to check the entire procedure. As noted above the 
energy E; was determined from the calculated E22, and 


2 Henderson, Proc. Roy. Soc. (London) A109, 157 (1925). 


6 Briggs, Proc. Roy. Soc. (London) A114, 341 (1927). 
37 Rutherford, Phil, Mag. 47, 277 (1924). 
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the measured values of Eig and Ey using (3’) of 
Appendix B. 

The solid angle correction from laboratory to center- 
of-mass coordinates was made according to the following 
non-relativistic expression : 


2./2~dQ,./dQ=([(1— a? sin*6)!+ a cosd }/ 
(1—a? sin*#)!~1+2acosé (6) 


where 
a= {M\M2E,/[(M:+M3)M,0+MM:E, }}}, (7) 


Q is the solid angle of acceptance of the spectrometer, 
and £, is the energy of the bombarding particle in 
laboratory coordinates at the point where the reaction 
takes place. It is true that @. is a variable depending 
on £; given by 


cos@,= cos6(1— a? sin*0)!— a sin?@~cosé—a sin?@. (8) 


The variation is small, however, and the results are 
essentially the cross section in center of mass coordi- 
nates over a range of angles slightly greater than 0, the 
angle of observation in laboratory coordinates. 

The factor R./Q which enters Eq. (5) when (6) is 
applied, is a constant of the spectrometer and can be 
determined from any reaction whose cross section is 
already known. In this case the elastic scattering of 
1488 kev protons from copper was used. The cross 
section was calculated from the Rutherford formula 
and R./Q was found to be 23,400 steradian~' with a 
statistical uncertainty of about } percent and an 
uncertainty arising from lack of knowledge of the 
stopping cross section of copper of about 5 percent. 

In measuring the cross section for bombarding 
energies between 615 kev and 1114 kev numerous 
complications were encountered because of the back- 
ground of low energy singly charged alpha-particles 
produced in deep layers of the target and of protons 
which had suffered large energy losses in the target 
(straggling). These backgrounds were assumed to vary 
slowly with the energy of the observed particles and 
were evaluated at several bombarding energies by 
observations at magnetic fields just slightly higher than 
those at which the He*+* groups appeared. Correction 
factors for the penetration of the aluminum foils before 
the counter by protons and alpha-particles were also 
determined empirically. 

For bombarding energies between 1208 and 1585 kev, 
the targets were thin layers of (B'°),O; evaporated on 
aluminum leaf. The targets were oriented with the 
(B'°).O3 on the back side of the aluminum, so that both 
the protons and alpha-particles passed through the 
aluminum foil. Thus, the alpha-particles appeared with 
much lower energy than did the scattered protons. The 
upper limit to the bombarding energy was set by 
breakdown of the stabilizer of the electrostatic analyzer; 
the lower limit was the energy at which protons scat- 
tered by the boron came from the target with the same 
energy as the alpha-particles. There were at all bom- 
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Fic. 7. Spectrometer profiles of alpha-particles observed at 
Oia» = 137.8° from B"(p,a)Be? at the bombarding energies indi- 
cated. The target was a thin layer of (B"),0; on the back side 
of an 0.2 mg/cm? AI foil. 


barding energies some protons of the same energy as 
the alpha-particles, but at the alpha-particle energies 
encountered, the aluminum foils in front of the counter 
could be used to distinguish protons from alpha- 
particles as long as the protons were not too numerous. 
Three runs were made, one with one target set with 
6, in Fig. 17 equal to 28°, the other two with another 
target on a thinner aluminum leaf, which was set 
perpendicular to the proton beam to make the loss of 
energy by the alpha-particles in the aluminum leaf the 
same as in the other case. Because the alpha-particles 
exhibited straggling when they emerged from the 
aluminum leaf, the spectrometer would not select those 
from any particular lamina of the target, so all of them 
produced in the whole target thickness were counted. 
Complete profiles were taken at four bombarding 
energies. These profiles were used to determine the 
integrals which appear in the cross section for thin 
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shown in Fig. 7. 
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target measurements, which is!® 


4nR. ¢fY(He**) 
o(6,.)=— f —_——--] (9) 
ntQ, I 


2R./10"\ ¢fN(He**) 
= —(—) {——« barns, 
gQ.\ nt I 


where Y(Het*)=(1/g)N(Het*) X1.602X10-" is the 
number of alpha-particles per incident proton counted 
at a fluxmeter reading /, m is the disintegrable nuclei 
per cc in the target, and / is the thickness of the target 
parallel to the incident beam. 

At the four bombarding energies chosen, the ratio of 
the integral in Eq. (9) to the maximum value of the 
integrand, fY(Het*)//, was found, and this ratio was 
used to find equivalent values of the integral at inter- 
mediate bombarding energies from the maximum values 
of the integrand at those energies. The profiles of the 
alpha-particles are shown in Fig. 7, and the four points 
and the curve used for the ratio are shown in Fig. 8. 
The ratio of the integral to the maximum value of the 
integrand was used for both targets, although measured 
for only one, because the energy loss of the alpha- 
particles was the same for the two targets and the 
straggling was therefore also the same. 

The value of i used was found from elastic scattering 
of protons from the B'° nuclei, using the proton scat- 
tering cross section of boron found as described in part 
(D) of this section. The two targets were of nearly the 
same thickness, and the value used for both was 
4.18X 10'7 B'® nuclei/cm?; the uncertainty in each value 
was larger than the difference. 

It was also necessary to correct the bombarding 
energy for the energy lost by the protons in passing 
through the aluminum foil. Using the arguments 
discussed in Appendix B, one has 


(9) 


E,\ = Eya— (€:/€ett)(E2n— E20), (10) 


where E,g=energy of protons from accelerator, Ex 
= energy of alpha-particles observed with BO; on back 
side of foil, and E2,=energy of alpha-particles calcu- 
lated for BO; on front side of foil using Q from pre- 
ceding section and the measured F,z in Eq. (12) of 
Appendix A. 

The cross section for B'°(p,a)Be’ is plotted as a 
function of bombarding energy in the laboratory system 
in Fig. 9. There is, in addition to statistics, an uncer- 
tainty of 20 percent in the scale of the ordinate, due 
principally to poor knowledge of the boron stopping 
cross section on which n/ depends, to statistical uncer- 
tainty in the determination of V, to uncertainty in the 
ratio of the integral in Eq. (9) to the maximum value 
of the integrand, to uncertainty in background correc- 
tions, and to uncertainty in the factor f. When corrected 
for barrier penetration factors for the incoming protons 
and outgoing alpha-particles, the excitation curve indi- 
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cates resonances at 1.0 and 1.5 Mev superimposed on a 
continuous background. 


(B) The Cross Section of B'°(p,a’)Be7* 


The target used for the excitation curve was a thin 
layer of B'® evaporated on aluminum leaf. It was 
necessary that the target be thin in order to keep 
alpha-particles of the main group and scattered protons 
from deep in the target from interfering with the 
observations, and that it be thick enough so that the 
alpha-particles would fill the spectrometer window. 
Equation (5) was used to determine the cross section 
with Y(Het*) determined by the subtraction technique 
using a foil before the counter to differentiate protons 
and alpha-particles. Figure 10 shows the two curves 
obtained. At proton energies above 1488 kev, some of 
the alpha-particles were counted through the foils in 
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Fic. 9. Cross sections per 4x steradians in the center-of-mass 
system at 9m~140° (014, = 137.8°) for various BY+H! reactions 
vs laboratory proton energy. The upper curve is for B'°(p,p)B"; 
the intermediate curve is for B'°(p,a)Be’; the lower curve is for 
B'°( p,a’) Be’*(y)Be?. The gamma-rays from the decay of Be™* 
were measured at 0i4)=90°. 


front of the counter. For the final calculations, the 
proton counts were considered to be constant above 
1488 kev as shown by the dotted portion of the curve. 
This extrapolation probably indicates too high values 
for the proton counts so that the calculated cross 
section may be low, relative to the rest of the curve, 
by as much as 20 percent. 

The composition of the B’® target was determined by 
a comparison of its yield for the alpha-particles from 
B!°(p,a) Be’ at 1488-kev proton energy with that of two 
(B'°),O3 targets. Since (B'°),O; evaporates at a few 
hundred degrees centigrade, presumably little pump 
oil vapor is decomposed and such a target is fairly pure. 
The e.¢¢ for the B'® target was found at one energy in 
this way. Proton scattering showed that the impurities 
were principally carbon and oxygen, in large amounts, 
distributed throughout the target layer. The stopping 
cross sections of oxygen and carbon vary in the same 
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Fic. 10. Curves from which the excitation curve for B™(p,a’) Be”™* 
was determined. In the upper curve both scattered protons and 
the alpha-particles were counted; in the lower curve only the 
protons were counted. 


way with energy, so the target could be considered as 
B® plus a single contaminant. The effective stopping 
power of the target for the reaction B'°(p,a’)Be™* was 
computed for all of the bombarding energies used. The 
uncertainty in the composition leads to an uncertainty 
in €e¢¢ of 10 percent. : 

The curve for the cross section in the center of mass 
system at ~140° is shown in Fig. 9 and Fig. 11. In 
addition to statistics there are the uncertainties in the 
target composition and the uncertainty in €.r;, making 
the scale of ordinates uncertain by 20 percent. It was 
remarked earlier that the high energy end of the curve 
may be low with respect to the remainder of the curve. 
A marked resonance is indicated near 1.52 Mev with a 
breadth, ['~250 kev. 


(C) The Cross Section for B'(p,a’)Be’*(7)Be’ 


The gamma-radiation from a B” target bombarded 
by protons was shown” by Lauritsen and Thomas to 
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system at Oem~140° (61.5 = 137.8°) for B"(p,a’) Be” vs laboratory 
proton energy. 
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Fic. 12. Cross section per 4x steradians in the center-of-mass 
system at 0cm~140° (91.»= 137.8°) for the scattering of protons 
by B® vs the laboratory proton energy. A comparison with 
Rutherford scattering is shown. 


have an energy 429+4 kev, and its origin is thus the 
decay of the Be™. Using the techniques described in 
detail previously,?* the cross section for this radiation 
was determined. A thin layer of (B'°),O; evaporated on 
copper was used as target. 

The thickness of the target was found by a compari- 
son of the yizld from the (B!°),O; target with the 
differentiated yield from a thick B"” target, made by 
pressing amorphous boron on a copper strip. The 
thickness of the (B'°),O; target was found to be 14.1 kev 
for 1.5-Mev protons, or 1.45X 10'* boron atoms/cm’. 
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The counts arising from background radiation from 
protons striking the copper target backing were found 
by measuring the yield from proton bombardment of a 
copper strip. The background radiation from copper 
was measured at six proton energies, and the values at 
intermediate energies were found by graphical interpo- 
lation. The background counts were, at most, about 
25 percent of the total counts. 

The cross section for the gamma-radiation from 
B!°(p,a’)Be™(y)Be’ at 90° to the incident beam is 
plotted in Fig. 9 and Fig. 11. Uncertainty in the calcu- 
lated value of target thickness, which depends on the 
differentiation of a thick target curve and on the 
stopping cross section of boron and oxygen for protons, 
makes the scale of the ordinates uncertain by 20 percent. 
The agreement with the curve for alpha-particles from 
B(p,a’)Be™ is good, but it is to be noted that the 
cross section for the gamma-radiation does not fall off 
as much beyond the peak of the resonance as the cross 
section for the low energy group of alpha-particles. 
This may be due entirely to poor extrapolation to high 
energy of the proton counts in the calculations for the 
low energy alpha-particles. 


(D) The Cross Section for Elastic Proton 
Scattering by B” 


A measurement of the cross section of elastic scat- 
tering of protons from B'® was made using a thick 
target made by pressing amorphous B'® on a copper 


———— Tt 


| ! 


SCATTERING 








| | 
eacbans \ReeEeTes ERT, 


{ 
Lipp!) 7 
120 / i 9 


| 
r 


/ 
a aes 











PROTON ENERGY (KEV) 


Fic. 13. Cross section per 4x steradians in the center-of-mass system at em~85° (9iab=81.1°) for the elastic 
scattering of protons by lithium. A comparison with Rutherford scattering is shown. It will be noted that 
anomalies occur at 441 kev, the resonance energy for Li7(p,7) and near 1050 kev, the resonance energy for 


Li’(p,p’7). 


** Fowler, Lauritsen, and Lauritsen, Revs. Modern Phys. 20, 236 (1948). 
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Fic. 14. Cross section per 4x steradians in the center-of-mass system at 9om~145° (@ia»= 137.8°) for the elastic 
scattering of protons by lithium. A comparison with Rutherford scattering is shown. It will be noted that 
anomalies occur at 441 kev, the resonance energy for Li’(p,7) and near 1050 kev, the resonance energy for 


Li"(p,p’y). 


strip. Protons were absorbed in the thick target before 
being scattered by the copper backing, and it was 
possible to correct, for the alpha-particles from 
B'°(p,a)Be’,Be™* produced deep in the target. The 
alpha-particle cross sections do not change very rapidly 
with energy, and the alpha-particle counts can be 
subtracted after measuring them with the spectrometer 
set for a slightly higher energy than possessed by the 
scattered protons. Their number was the order of 5 
percent that of the number of protons. Again Eq. (5) 
was used to determine the cross section with fV(He**) 
replaced by V(H*). No correction was made for neutral 
hydrogen atoms, their number being very small. 

The cross section is plotted in Fig. 9, for comparison 
with the others, and in Fig. 12, where the ratio to 
Rutherford scattering is also shown. There is an uncer- 
tainty of 10 percent in the scale of ordinates owing 
principally to és. There is a strong anomaly in the 
neighborhood of the resonances in B!%(p~,a)Be’ and 
B"(p,c’)Be™ at 1.5 Mev, and a small anomaly at about 
1.15 Mev, near the resonance in B!°(p,a)Be’. 


(E) The Cross Section for Elastic Proton 
Scattering by Li’ 


Measurement of the cross section for the elastic 
scattering of protons from Li’ at 81.1° and 137.8° was 
performed in the manner described in (D) over the 
energy interval 300 to 1300 kev. Freshly evaporated 
deposits of lithium (natural isotopic ratio) were used 


throughout the experiments. The results are shown in 
Figs. 13 and 14, where the Rutherford scattering is also 
indicated. It will be noted that a marked anomaly 
occurs at 441 kev, where Li’(p,y)Be* is known to 
exhibit a strong resonance. This anomaly was first 
observed by Creutz.” Another anomaly will be noted 
near 1 Mev at which point the inelastic scattering 
discussed in the next paragraph shows resonance. A 
detailed discussion of these results will be given in a 
forthcoming publication after measurements over a 
wider range of angles have been performed. 


(F) The Cross Section for Li’(p,p’)Li’* 


The cross section for the protons inelastically scat- 
tered by Li’ was measured directly only at a bombarding 
energy of 1240 kev. The result was 0.036 barn per 4x 
steradians at 81.1° (laboratory angle) and 0.065 barns 
per 4m steradians at 137.8° (laboratory angle) in 
reasonable agreement with the value of 0.057 barns 
given by the gamma-ray measurements discussed in the 
next paragraph. The gamma-radiation has been shown 
to be isotropic by Littauer*® and thus the gamma- 
radiation cross section should be equal to the inelastic 
proton cross section averaged over all angles. We have 
also observed a large anomaly in the elastic scattering 
in this region. These observations will be reported at a 
later date. 


* E. C. Creutz, Phys. Rev. 55, 819 (1939). 
™S. Littauer, Proc. Phys. Soc. (London) 63, 244 (1950). 
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Excitation curve for gamma-radiation following the 
inelastic scattering of protons by Li’. 


Fic. 15. 


(G) The Cross Section for Li’(pp’)Li’*(y)Li’ 


The cross section for the production of the gamma- 
radiation following the inelastic scattering of protons 
by Li? has been measured at 90° in the laboratory 
system over the interval of bombarding proton energies 
from 800 to 1400 kev. The results are shown in Fig. 15 
where we also show the cross section corrected for the 
barrier penetration factors for the incoming and 
inelastically scattered protons. This curve indicates a 
resonance at 1030+5 kev with a full width at half- 
maximum of 168 kev superimposed on a relatively 
constant background. The thick target yield (92.6 
percent Li?) was measured at 1350 kev and was found 
to be 1.2 10~5 quanta/proton. 
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Fic. 16. Alpha-particle groups observed at @14»=137.8° from 
the bombardment of B® by 1460 kev protons. A thin layer of 
(B").O; evaporated on the back side of a thin Al leaf was used 
as the target. The groups corresponding to the formation of Be’ 
in the ground and 434-kev states are evident. No evidence for a 
group leaving Be’ in a state at 205 kev is indicated. 


 R. F. Christy and R. Latter, Revs. Modern Phys. 20, 185 
(1948). 
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VI. OTHER ENERGY LEVELS OF Be’ AND Li’ 


When Grosskreutz and Mather reported the existence 
of a state at about 470 kev from studies of Li’(p,m) Be? 
at 5.1 Mev, they also reported two additional excited 
states of Be’, at 205+-70 kev and at 745+70 kev above 
the ground state. Previously, Mandeville, Swann, and 
Snowdon® had concluded that no state between 0.5 and 
1.0 Mev was excited in Li®(d,n)Be’ in as much as 10 
percent of the disintegrations. After Grosskreutz and 
Mather announced their results, the levels were looked 
for by others. The work of Johnson, Laubenstein, and 
Richards, Hamermesh and Hummel, and Van Patter, 
Sperduto, and Buechner, and Keepin, yields no evidence 
from the existence of these levels. (See Table II for 
references. ) 

A search was made for alpha-particles from 
B!°(p,a) Be™ leaving the Be’™* excited by approximately 
200 kev. The target was a thin layer of (B’®),O; on the 
back side of an aluminum leaf. The proton energy was 
1.46 Mev at the (B’°),O; layer. The data obtained are 
shown in Fig. 16, where the indicated errors are those 
due to statistics. None of the alpha-particles had enough 
energy to be counted through the aluminum foils in 
front of the counter. The energies at which the groups 
of alpha-particles appeared agree with calculations 
based on the foil thickness. The data indicate that in 
the reaction B'°(p,a) Be’ at a proton energy of 1.46 Mev, 
the residual Be’ is not left in any excited state near 
200 kev as much as one-tenth as often as in either the 
ground state or the state at 434 kev. Excitation of the 
state at 745 kev was not attempted, since if the state 
exists, the barrier penetration factor for the alpha- 
particles would be so low that the reaction could not 
have been observed at the proton energy available. It 
must be pointed out that Grosskreutz and Mather used 
proton energies of 5.1 Mev, which is higher than 
employed by other investigators. All that is indicated 
by the null results here reported is a choice of two 
possibilities ; either the state does not exist or it cannot 
be produced in the range of excitations available in 
these experiments. 

Careful studies of the reactions Be*(d,«)Li’ by several 
investigators® have revealed no additional states in Li’ 
up to 2-Mev excitation energy. The next known state 
in Li’ occurs at an excitation of 7.38 Mev and was first 
observed asa resonance* at E,=0.27 Mev in Li®(n,a)H*. 
The mirror state has been recently found in Be? at 7.1 
Mev from resonances*® in Li®(p,a)He* and Li®(p,p)Li®. 


VII. CONCLUSIONS 


From these experiments it is concluded that there 
exist excited states in Li’ and Be’ at 479.0+1 kev and 


% Mandeville, Swann, and Snowdon, Phys. Rev. 76, 980 (1949). 

3 W. W. Buechner and E. N. Strait, Phys. Rev. 76, 1547 (1949). 
D. R. Inglis, Phys. Rev. 78, 104 (1950). 

* Goldsmith, Ibser, and Feld, Revs. Modern Phys. 19, 259 
(1947) quotes unpublished results of Blair, e¢ al. 

35 Bashkin, Ajzenberg, Browne, Goldhaber, Laubenstein, and 
Richards, Phys. Rev. 79 238 (1950). 
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434.4+4 kev, respectively, and no evidence for addi- 
tional low-lying states has been found. Additional 
states do not exist or they cannot be excited in the reac- 
tions used in these experiments with available excita- 
tions. The Q-value for B'°(~,a)Be’ has been measured 
as 1.148+0.006 Mev and for B'°%(p,a’)Be™, as 0.714 
+0.008 Mev. 

For the reaction Li’(p,m)Be’, the Q-value is — 1.645 
+0.001 Mev and thus, using M(n)—M(H’)=0.782 
+0.001 Mev, 


5Mc?=[M (Be’)— M(Li’) |c?=0.863+-0.002 Mev 
6M*c?=[M(Be’*)— M(Li"™) Jc? 
=().818+0.004 Mev 


6(M — M*)c?=479—434 kev=45+4 kev. 

The difference in the splitting of the Be’ levels and 
the Li’ levels is more than ten times the error of 
measurement and amounts to about 10 percent of the 
energy splitting between the excited and ground states. 
There is now considerable evidence for the assumption 
that the excited state in Li’ (and presumably in Be’) 
has J=} forming a *P-doublet with the ground state 
for which J= 3 by direct measurement. This evidence 
is given by the y-a angular correlation measurements*”® 
in B'(n,a’)Li™(y)Li’ and the angular distribution 
measurements” in Li’(p,p’)Li™*(y)Li’. The observed 
splitting difference reported here is of considerable 
significance in connection with this probable doublet 
structure. The over-all separation of the levels is perhaps 
to be attributed to a new term in the ultimate nuclear 
forces, such as seems to be manifest in the jj-coupling 
shell model for medium and heavy nuclei, and in the 
spin-orbit forces of Case and Pais.’ However, the 
splitting difference in these mirror levels must be sought 
in terms of electrostatic and magnetic effects, it not 
being possible to neglect the latter in calculating the 
small difference. 

The matter is discussed in the following paper’* by 
Inglis who first calculated® the magnetic contributions 
to nuclear energies. In regard to the electrostatic 
effects, it can be expected that the excited states will’ 
have slightly larger radii than do the ground states, 
thus reducing their first-order electrostatic energy 
difference (~1/R). However, a reasonable estimate 
based on Feenberg’s analysis*’ of nuclear compressi- 
bility yields 6R/R~0.2 percent and a splitting differ- 
ence of at most 3 kev. It also can be expected that the 
larger radii of the Be’ states relative to the Li’ states 
arising from their larger positive electrostatic energies 
would reduce any reasonable spin-orbit interaction 
(~1/R*). According to Inglis, a reasonable estimate of 
the two terms together yields only 10 kev. Furthermore, 
it does net seem reasonable to ascribe large differences 
between the ground and excited states to the (1/r) 
term in Eq. (2). Some contribution to the difference 


% B. Rose and A. R. W. Wilson, Phys. Rev. 78, 68 (1950). 
37 E. Feenberg, Revs. Modern Phys. 19, 239 (1947). 
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must then arise from the magnetic effects, and in his 
paper Inglis finds a reasonable agreement between the 
theoretical expectations and the observed value. Rough 
agreement is obtained by the use of Eq. (4). It is to be 
emphasized that the sign (and magnitude) of the 
separation is correct for J*=4 while the sign is given 
incorrectly, for example, for 7*=5/2 in a ?D-doublet 
with J=3/2. 

The calculations lend considerable support to the 
belief that the excited states in Be’ and Li’ at 434 and 
479 kev are “mirror” states. Their displacement by the 
order of 10 percent of their excitation energy indicates 
that the experimental identification of mirror states 
may require considerable care and study. At high 
excitations the mean separation of protons may change 
substantially, giving large differential electrostatic 
effects, and for states with high enough energy of 
excitation to be subject to decay by proton or neutron 
emission, there may be a considerable displacement 
(~1 Mev) of the relative position of the states. A 
detailed discussion of this effect in the N'"—C" case 
will be published in the near future by R. G. Thomas 
of this laboratory. 

It will remain for additional experimental evidence to 
confirm in a variety of cases the correspondence of the 
excited states of mirror nuclei. As indicated in the paper 
by Inglis, it may be necessary to make detailed calcu- 
lations of fine structure effects, such as electrostatic 
and magnetic contributions to the energy of the state, 
in order to clarify apparent deviations in the excitation 
energies. Just the fact that a reasonable calculation 
involving a few tens of kilovolts can be made with some 
confidence in the case of Be’™* and Li’, constitutes 
substantial evidence for the equality of the nuclear pp 
and nn forces within very narrow limits. 


VIII. DISCUSSION OF THE B'%(p,a)Be’ 
CROSS SECTIONS 


The B’'°(p,a)Be’ cross sections measured in these 
experiments have some bearing on the important ques- 
tion of the spin of the excited states of Be’ and Li’. 
The analysis of the cross section requires first the 
elimination of barrier factor effects for the incoming 
protons and outgoing alpha-particles. This has been 
done by one of us.** The analysis indicates that there 
is probably a resonance in B!%(p,a)Be’ at 1.0 Mev 
superimposed on a broad continuous background ex- 
tending over the entire range of excitations used in 
these experiments. The yields are consistent with 
reasonable values (~1 Mev) for the widths without 
barrier of both the protons and alpha-particles on the 
assumptions that the background arises from s-wave 
capture into a broad state of C" with 7=5/2+ and that 
the resonance arises from p-wave capture into a state 
of C"' with J=3/2-. The assumption of J(Be™) = 1/2- 
along with /(B’’)=3* makes it reasonable that the 


* A. B. Brown, PhD. thesis “Excited states of the mirror 
nuclei, Be’ and Li’,” California Institute of Technology (1950). 
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yield of the low energy alpha-particles should be very 
small in this region since the angular momentum of the 
outgoing a’-particle must be large, and the barrier 
factors markedly reduce the yield. On the other hand, 
the resonance yield for B'°(p,a’)Be™* at 1.5 Mev is 
anomalously large compared to B'°(p,a)Be’ in the same 
way that the slow neutron yield for B’°(n,a’)Li™ is 
large compared to that for B’%(n,a)Li7.” Only for 
f-wave capture of protons into a C"' state with J=1/2- 
is the emission of the a’ favored (s-wave) by barrier 
factors over that for the a (d-wave), and in this case 
the detailed calculations indicate an impossibly large 
and unobserved partial width for the proton scattering. 
In the case of s-capture into a C" state with J=7/2+*, 
or of p-capture into J=5/2-, the outgoing waves can 
have the same minimum value (f and d, respectively), 
and the widths without barrier for a’ are about 10 
times those for a. It is true that this factor can be 
reduced by assuming J(Be™)=5/2 or 7/2, but it must 
be emphasized that we have found just such variations 
in widths without barrier in a considerable number of 
cases of proton induced reactions.** Furthermore, con- 
siderable confidence is lent to the assignment /(Be’*) 
=1/2- by the relative yields in the region below 1.3 
Mev where, as expected on this assignment, the reaction 
B!°(,a’) Be" is highly improbable. 

In conclusion, we wish to thank Sylvan Rubin and 
C. Y. Chao, who aided in many of the observations 
reported here, and R. F. Christy for valuable discussions 
of the theoretical aspects. We are grateful to D. R. 
Inglis for communication of his results prior to publi- 
cation. 


APPENDIX A. METHODS OF CALCULATING 
NUCLEAR Q-VALUES 


In the experiments described in this report the excitation 
energies of Li™* and Be™ are essentially determined as the differ- 
ences in the Q-values for reactions in which the ground states and 
excited states are involved. The experiments thus reduced to the 
determination of reaction Q-values. In the lithium case in which 
the reactions are the special cases of scattering, the Q-value of one 
of the processes, the elastic scattering, is of course equal to zero, 
and some advantage can be taken of this fact in ascertaining the 
over-all accuracy of the methods employed. In this appendix we 
discuss certain points involved in the accurate determination of 
the release of energy in nuclear reactions. In addition to a general 
treatment of the methods of calculating Q-values from the experi- 
mental! data, we wish to consider small effects arising from special 
relativity, from thermal motion of the target nuclei, and from the 
choice of masses—nuclear, atomic, or integral. In Appendix B we 
consider the effects of energy losses and straggling in the target 
material and in surface contamination layers. In Appendix C we 
attempt to ascertain the error produced in the final result by 
errors made in the evaluation of the directly determined quantities. 
Throughout these appendices we calculate, as examples, appro- 
priate correction terms, 4Q, to illustrate the order of magnitude 
of the corrections necessary to account for small effects. In actual 
calculations we have applied the corrections straight-forwardly 
in an exact manner. 

The Q-value of a nuclear reaction is by definition the difference 
in rest mass in energy units of the initial and final nuclei involved. 


*® D. R. Inglis, Phys. Rev. 74, 1876 (1948). 


For two initial and two final nuclei this becomes: 
Q=(Mo+Mi—M2—M);)e, (Al) 


where we use the usual subscript notation, zero for the target 
nucleus, one for the bombarding particie, two for the observed 
particle, and three for the residual nucleus or particle. To avoid 
duplication, we do not use an additional subscript to designate 
rest mass when a subscript is already employed to identify the 
mass. Strictly, it is only correct to use nuclear masses in (A1), 
but atomic masses can be-used if positron emission is not involved 
and if electronic binding energies are neglected. The neglect of 
electronic binding energies involves an error in Q if calculated 
from atomic masses of the order of 


6Q = 36(Zo+Z,)"*(Z,—Z:2) ev (A1’) 


for Zo>>Z, and Z;>Z;. If atomic masses are employed in (A1) 
then Q should be replaced on the left-hand side by Q+40 with 
6Q given by (Al’). To derive (Al’) we employ E,~15.6Z7 ev 
as a rough estimate of total atomic binding energies. The error 
is —0.4 kev for the reaction B'(p,a)Be’, for which Z>+Z:=6 
and Z,—Z,= —1. In general, the masses are not known accurately 
enough to make any correction necessary. In the experiments 
described here the determination of Q from mass spectroscopic 
values is not possible at the present time, and nuclear methods 
must be employed, When Q-values determined by nuclear methods 
are employed to determine an unknown atomic mass from known 
ones, the Q-value should first be corrected by a small amount 
equal to that given by (A1’). 

The determination by nuclear methods®* depends on the 
expression : 


Q=£.+E£;—E,—E,=E:+E;—E,, (A2) 


where the E’s designate kinetic energies. This can be derived from 
(Al) by using the conservation of the total energy, mass plus 
kinetic, before and after the reaction. It will be noted that (A2) 
is relativistically correct. In the second equality we neglect the 
thermal energy of the target nuclei. This is certainly valid in 
Eq. (A2) since Ey~0.025 ev at ordinary temperatures, and at the 
present time, under the best circumstances, it is not possible to 
reduce errors in the measurement of E;, Ez, and E; to less than 
several hundred electron volts. The determination of Q thus can 
be reduced to the determination of the energies E,, E2, and E;. 
In actual practice the energy of only one of the outgoing particles 
is measured directly and that of the other is calculated using the 
conservation of momentum. 

In the most accurate early investigations the energy of the 
incident particle was determined by a direct measurement of the 
high potential on the accelerating device. The energy of the 
,emitted particle was usually determined by range or ionization 
measurements. Recently, these methods have been supplanted 
by the use of electrostatic,® velocity,“ and magnetic“ analyzers 
or spectrometers. For energies exceeding 1 Mev, direct measure- 
ments of the accelerating potential are impractical, and range mea- 
surements have not proven sufficiently precise, the accuracy being 
limited to ~1 percent. In the experiments described in this paper 
a 90° cylindrical electrostatic analyzer® has been used to measure 
E,, and a 180° double focusing magnetic spectrometer“ has been 
used to measure E>». 
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The Electrostatic Analyzer 


In an electrostatic analyzer the “electric rigidity” of the particle 
trajectory (field radius of curvature) is used as a measure of the 
particle’s energy. The kinetic energy of the particle is given 
relativistically by 

E= Eo— Mo?+(Mec'+Ee)* 

= E(1+Eo/2Moc*) for EoKMec*. 

Here Ey is the energy calculated on the basis of simple propor- 

tionality to the centrifugal force and thus to the measured 

potential V across the analyzer plates (symmetrically charged). 
It is given by 

Eo=4Mve°= E(Mo?+4E)/(Mo?+E) =ZeV /2 in(p1/p2) 
= ZeV p/2d[1+(1/24)(d2/p*) + ---]=ZeVp/2d=C,ZR. 


In Eq. (A4), pi and p are the radii of the plates, d= p:— 2 is the 
plate separation, and p= (ip:)! is the geometric mean of the radii 
of curvature. Ze, Mo, and P are the charge, rest mass, and mo- 
mentum of the particle, respectively. R is the reading of the 
device by which V is measured, usually a potentiometer across a 
portion of the plate resistor stacks, and C, is a constant of the 
apparatus. Small corrections for edge effects, misalignment of 
entrance and exit slits, superimposed magnetic fields, and other 
factors have been adequately discussed previously.**> The focal 
properties which make energy measurements with the analyzer 
independent of the entrance angle in the plane of curvature and 
of the angle of deflection have also been completely treated. In 
the experiments described here the constant C, was determined 
by measurements on the strong gamma-ray resonance in the 
reaction F"(p,ay) at a proton energy of 873.5 kev.* Rough 
measurements of p and d checked the value obtained. The linearity 
was checked by measurements on H*, HH*, and HHH* ions 
using for detection a magnetic spectrometer at a fixed field setting. 
Relativistically correct results were given conveniently by using 
the approximate form of (A3). Numerically, for R in millivolts 
and Ey in Mev, C,=0.12368. 


(A3) 


(A4) 


The Magnetic Spectrometer 


In a magnetic spectrometer the “magnetic rigidity” is measured 
and gives directly the relativistically correct momentum of the 
particle. The energy is thus given by 

E=(M #c!+2EoM oc*)'— Mo? 
sE(1—Eo/2Moc*) for EvxK Moc 


where E, is the energy calculated on the basis of a simple quadratic 
dependence on the measured magnetic induction B. It is given by 


Eo= P?/2Mo= (BpZe)?/2M oc? =0.4827(ZBp)?/MoX10- Mev 
=CrZ?/Mol*. 


The numerical value is for Bp in gauss-cm and M) in atomic mass 
units. Here J is the reading of a fluxmeter of the type used for 
some time in this laboratory.“* The constant C,, was determined 
by measurements on particles of known energy after scattering 
off targets of Li, Be, C, O, Al, Cu, and Au. Linearity in 7~* was 
checked by measurements on H+, HH*, and HHH? ions of the 
same energy as determined by the electrostatic analyzer at a 
fixed setting. Relativistically correct results were given conveni- 
ently by using the approximate form of (A5). Numerically, 
E y= 1738] Mev for protons and Eo=1750/~* Mev for alpha- 
particles. These expressions hold for / in the units used in all of 
the figures of this paper. 


(AS) 


(A6) 


Equations for Q 


As noted previously, only one of the energies, E, and &,, is 
measured directly, and usually the energy of the lighter particle 
is measured rather than that of the heavier. In general, this gives 


*C.C. Instr. 19, 916 
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the higher precision in the final result although, if the emitted 
particle is a neutron, more precise results may be obtained by 
measurements on the other nucleus which, because of its charge, 
can be deflected in a magnetic or electric field. In any case, the 
energy not measured directly is determined by measuring the 
angle of emission, @, with the direction of bombardment as well 
as the energy of the one product and then using the relativistically 
correct expression for the conservation of momentum in the 
over-all process, namely 


P?=P?—2P;P, cosé+ P,?. 


Here @ is the angle of emission of particle 2 with the original 
direction of particle 1. In writing Eq. (A7) we have neglected Po, 
the momentum of the target nucleus arising from its thermal 
motion. It is true that this motion will cause an observed spread“ 
in either P, or P; at any given angle of observation. However, 
if we employ appropriately averaged values of P: and P; in 
Eq. (A7), we can neglect terms in P». This is because terms linear 
in Po yield zero when averaged over all possible directions of 
motion, and those quadratic in P» are of the order of Ep=0.025 ev 
and are thus negligible. 

At this point it is usually considered sufficiently accurate in the 
customary Q-value determinations to employ the non-relativistic 
relation between the energy, momentum, and rest mass of each 
particle, namely : 


(A7) 


P?=2EM). 
Upon substitution of (A8) in (A7) one obtains 
E;= (M2E./M;) + (M\E,/M;) - 2& cosé, 


(A8) 


(A9) 
where 
&=(M\M2E,E2/M?)). (A10) 
Then using (A2), 
M;+M; M,;-—M, > 
ho ee 





(All) 


Mi+M:, M;—M;, 1 
Giiwaess -P# © a prielllaeeien P? ~— 
2MiM: 2M.M, * M; 
and in a convenient form for application in the experiments 
described in this report 
M:+M; M;-—M, 
———_— PP? - —_—E,- 
ai. ho 
Equation (All) can be solved for E, as a function of E,, Q, 
and @ to yield 
(MME) 
E.A= cosé 
“Me+My 


M;-—M, M\M; 

a(t: Ott Me Ott Me? 
In (A12) the negative sign is only used when the first term is 
numerically larger than the second and in this case E; is a double- 
valued function of 6, and the angle within which the particle can 
be observed is limited to a value less than 90°. A form involving 
sin*@ in the second bracket can be derived using Myp+M,~M2+M;, 
but the approximation is of the same order as certain relativistic 
corrections to be considered later. 


P,P. cos6, (All’) 


(Al1”) 


1 
(2 EPs cosé. 


——— Fes cost) (A12) 


Dependence of Q on the Independent Variables 


In our further discussion we will be interested in 40 
=2x(0Q/dX)4X, where X represents the independent variables 


‘6In the most common cases where (M2+ M3)MQ>(Mi M, 
—MoM;)E,, it can be shown that the full spread in EZ, for a 
given target energy Ep is given by 


6E: = 4(M2M_/M?*) tEoEs. 
For the reaction B"(p,a)Be’ this yields 8E2.=0.5 kev when the 


alpha-particles are observed with E:=2 Mev and when one takes 
Eo=0.025 ev. 
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in (All), (A11’), or (A11”) and thus we will need the following 
partial derivatives: 


) VaR > 
20 = 28 sind28 at 90°, (Al3) 
c 
a0 M3— 5 poe Be 
m Ms—-M, & ae at 90°, (A114) 
a3 


a cee ae 


aQ A M.t+M; & 8 d fo+M; 


a Moko 

If the energies are determined we have from (A11) 

0Q E & Ei 

i SOE BE PO ET 

as a a 

00 E & E, Z 

SS wnt — = opgg+— ot 90°, 
we ek. OM 


at 90°. (A15) 


and 
00/8M;= —E;/M:3. 

If the momenta are determined we have from (A11’) 
00/8M,=E;/M,, 
8Q/8M2= — E2/Mz, 


and 


3Q/ OM; edna E; /M3. 


From (A12) 
aE, 2M sind 2M; _ S at 90°. 


00. M:s-+M;—(My6/E:) cos8—s Mz-+-M; 


dE, _M3—Mi+(M3&/E)) cos? Ms—M, at 90° 
dE; M2+M;—(M3&/E:2) cosO M2+M; ' 





and 


OE, M; M; 


=— —— - t 90°. 
80 Mz+Ms—(Ms6/Es) cos M2+M,” 





The Relativistic Solution for Q 


In seeking a relativistic solution for Q we must use instead of 
(A8) the relativistic relation 
P?=2EMot+E?/e. 
An explicit solution using (A8’) involves algebraic expressions of 
considerable complexity.*? It will be noted, however, that (A8) 
is identical with (A8’) if Mo in (A8) is replaced by an effective 
mass given by 


(AS8’) 


Meur=Mot+E/2e. (A8”’) 


The derivation of (A9), (A11), and (A12) will be as before but 
with each mass replaced by this effective mass. Thus the usual 
non-relativistic expressions involving nuclear Q values can be em- 
ployed relativistically if only each mass involved is replaced by its 
effective value which is the rest mass plus one-half the kinetic energy 
in mass units. It will be noted that this effective mass is not the 
relativistic total mass corresponding to the rest mass plus all of 
the kinetic energy in mass units. It is true that one does not 
obtain an explicit solution for Q since the effective value of M; 
and thus E; appears in (Al1). However, when the relativistic 
corrections are small it is sufficiently accurate to estimate E; 
non-relativistically from (A9), and even for large relativistic 
effects the method of successive approximations, using (A8”), 
(A9), (A10), and (A11) is often convenient. When quanta are 
involved, as in photoeffect reactions and capture-radiation 
reactions, the substitution Mc?=hy/2 makes possible the direct 
use of these equations. 

It is possible to estimate relativistic and other small corrections 
by using the appropriate partial derivations from (A13) to (A18’). 
There are three relativistic effects to be taken into account; first, 
in the determination of the incident particle energy; second, in 


47 R. H. Bacon, Am. J. Phys. 8, 154, 354 (1940). 
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the determination of the observed emitted particle energy; and 
third, in the dynamical equation for the Q-value. We calculate 
6Q=2x(0Q/AX)5X, where X runs through E,, Es, M,, M2, and 
M;, as an example. We obtain the 6E from (A3) or (AS) and set 
each 6M = E/2c*. The relativistic corrections are then combined 
into an over-all correction factor, 6Q, which will, in general, 
depend on the methods of energy determination and on the angle 
of observation. If the energies are known correctly and it is 
wished to estimate the relativistic correction necessary if rest 
masses are used in (A11), then the result is particularly simple 
for 90° observation being given by 

60= (E+ E?—E?)/2M;¢c, 
or for large O~ E.+ E;>E; 
6Q0/0~Q(M;—M:2)/2M;c(M;+M)). (A22’) 


This was first shown by Livingston and Bethe.” In general, the 
correction is at most of the order of 0.1 percent. Another case is 
of special interest. If the particle momenta are determined in a 
relativistically correct manner, as by the use of magnetic analyzers 
for both incoming and outgoing particles, then the momentum of 
the residual nucleus is correctly given by (A3). The error in a 
non-relativistic calculation involves only the E-values used in 
(A2). Hence, the correction to be made to such a calculation can 
be implicitly written independently of the angle of observation as 


60 = $[(£2/Mc*) —(E?/M2c) —(E?/M3c)]. (A23) 
In the case of the techniques used in the experiments reported 
here, where an electrostatic analyzer was used to measure E, and 
a magnetic analyzer was used to measure Eo, one finds 
60 = —3((E2/M,c*?)+(E2/M2*)+(E2/M3c*)]. (A24) 
This equation holds strictly only for M;E;=M2E2, which will be 
approximately true for Q>£;. For 90° observation the expression 
is exact if E,;?/M;c* is added to the right-hand side. 


(A22) 


The Rest Masses 


The question arises concerning the correct rest mass to use in 
Eqs. (A8’) or (A8’”)—nuclear or atomic—in transforming Eq. (A6) 
into Eq. (A9). That the nuclear rather than the atomic mass for 
the target nucleus should be used seems reasonable from the fact 
that a nuclear collision happens in a time short compared with 
characteristic atomic times. A calculation by Christy*’* indicates 
that the nuclear mass is indeed the one to use in the usual case 
in which the excitation energy, which can be imparted to the 
atom, is so small as to be unresolvable by the spectrometer 
employed and in which the excitation of the atom to various 
electronic states results in only small changes in momenta. The 
tabulated atomic masses are, of course, convenient to use, and 
for light nuclei, 

6M/M = (M auciear ~s M atomic) / M nuclear > —Z/ 1800A. 
Thus, in the experiments reported here we have 
80 = 1/1800[(Z,E:/As) —(Z,8 cos6/A}) 
—(Z2E2/A:2) —(Z3E3/A;)]. 
For Z/A~1/2 and Q@~E:+E;>E, we have 
50~0/3600, (A26’) 
which is a negligible correction in all but a few special cases. On 
the other hand, the use of integral rather than exact atomic 
weights introduces mass errors of the order of 6M/M~0.001 and 
hence 


(A25) 


(A26) 


60~Q/1000. (A27) 


This error is comparable to the precision obtainable is present 
Q-measurements and thus the use of integral atomic weights is 
not advisable. As long as non-integral numbers are to be used, 


‘7@ We are indebted to Professor Christy for communicating 
his conclusions to us. 
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we find it just as convenient to use nuclear masses with relativistic 
corrections as it is to use the tabulated atomic masses. 


Energy of Nuclei in Ions 


In some instances ions other than the stripped nucleus are used 
as bombarding agents or are measured as the reaction product. 
In either case, the fraction of the energy attributable to the 
nucleus can be calculated on the simple basis of proportionality 
to rest mass. For example, if HH* ions are used in bombardment, 
each proton has 0.49986 of the total energy of the ion. In the case 
of capture and loss of electrons in the target we assume that any 
energy transfers are covered by the empirical or theoretical 
estimates of the over-all energy losses in the target and contami- 
nation layers. 


APPENDIX B. ANALYSIS OF ENERGY RELATIONS IN 
THE TARGET PROCESSES 


The use of high resolution devices in the determination of the 
energy of the incident and emitted particles in a nuclear reaction 
necessitates a detailed analysis of the reaction events in the target. 
Figure 17 illustrates the general situation in experiments, such as 
described in this report, in which the Q-value or the cross section 
of a nuclear reaction is determined. In practically every calculation 
involved in such determinations one needs to know the relations 
between the bombarding energy, Eis, the observed energy of the 
emitted particles, Eo, the average energy, Z;, of the incident 
particles which actually produce the observed particles, and the 
energy, E», of the emitted particles at production. 

In Q-value measurements these relations must be understood in 
actually determining from the observations the energy, E2,, of 
the emitted particles produced at the surface of the target by the 
bombarding particles with their full energy. Neglecting contami- 
nation layers to be discussed later, Eig and Ex, or E; and E; but 
not Eig and Ey are the energies which must be substituted into 
(A11) to yield Q. In cross-section measurements the cross section 
determined is that for the incident particles with energy £,. Thus 
the measurements involve not only the usual counting procedures 
but also the calculation of EZ, from E,g and Esp. 

It ig clear that these relations will depend primarily on the 
energy loss of the incident and emitted particles in the target 
material and secondarily on the scattering and straggling which 
they undergo. We give here a very elementary discussion in which 
energy loss considerations are emphasized. 


Energy Loss Considerations 


For observation of the emitted particles on the same side of the 
target on which the incident particles impinge, as illustrated in 
Fig. 17, we have 

AE./ AE, = (E.- Ex»)(Eis— E,) =E2 cos; / € C0s02= n, (B1) 


where 6, and 6, are the angles with the normal to the target 
drawn on the side of the incident beam, and « and ¢: are the 
stopping cross sections* in the target for the incident and emitted 
particles, respectively. We define » in Eq. (B1) for brevity in 
what follows. We also have in first approximation 


E.a— E.=(0E2/8E\)(Eia— Ei), (B2) 


‘* Throughout the calculations using the methods described here 
we have used stopping cross sections computed from data given 
by H. A. Bethe, BNLT-7 (1949) (unpublished) ; C. B. Madsen and 


P. Venkateswarlu, Phys. Rev. 74, 648 (1948); C. M. Crenshaw, 
Phys. Rev. 62, 54 (1942); R. Wilson, Phys. Rev. 60, 749 (1941): 
S. D. Warshaw, Phys. Rev. 76, 1759 (1949). We have used 
interpolation methods for elements for which measurements have 
not been made. This is satisfactory in the evaluation of small 
correction terms in energy measurements but does constitute a 
source of error of ~10 percent in cross-section measurements. 
Following the practice of M. S. Livingston and H. A. Bethe, 
Revs. Modern Phys. 9, 270 (1937), we have used ¢ in units of 
10-% ev cm’. 
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Fic. 17. Analysis of energy relations in the target processes 
taking into account only energy loss effects and neglecting scat- 
tering and straggling. 
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where 0E;/dE,, is given by Eq. (A20). From these two equations 
we obtain: 


ai. = eet oe (B3) 


ying Exs— Bu ea dE, 


AE, _ E; €2 COSO; (: 4 2 BA 
— = = : ( ) 
AEw E 2B E 20 €eff cos@. J 


In these equations we have defined an effective over-all stopping 
cross section as 


€ett= €:(0E2/dE;) + €2 c0s0;/cosbs. (B5) 


These equations reflect in the spread of the energy of the observed 
particles, AE» not only their loss of energy, AE», in the target, 
but also the variation in their energies at production arising from 
the loss of energy, ME;, of the incident particles in the target. 
We place AE 2 in the denominator of (B3) and (B4), as it will be 
the observable from which AE; and AE, can be calculated. A 
similar derivation for the case of the particles being observed after 
transmission through the target leads to the same result if 6. is 
measured as before and if E22 is the observed energy of those 
particles produced at the front surface of the target after their 
passage through the target with consequent energy loss. Our 
results (B3) and (B4) thus hold in general. 

Equations (B3) and (B4) are useful in determining EZ, and E» 
if Eis, E28, and E29 are measured. At this point we wish to 
discuss the determination of E2,. In the case illustrated we note 
that cos@; and cos@; are both positive. Then since d£2/dE;, is 
usually positive, H2., will be the maximum energy observed for 
the emitted particles and, aside from some complications arising 
from the finite resolution of the spectrometer, it can be readily 
measured experimentally. In fact, in either method of observation 
Ez will be the maximum Eo for ¢¢¢>0. However, in the trans- 
mission case the absolute energy losses must be ascertained to 
complete the Q-value calculations. In case és;<0, then E2, will 
be the minimum £2, while for ¢.4;=0, all the observed particles 
will have the same energy. These last two cases may arise in 
transmission observations when cos#.<0 or in observations at 
certain angles on residual nuclei when 0E:/0E, <0. In these cases, 
however, straggling in energy plays an important role. In the case 
€ett=0, straggling will determine completely the spread in energy 
of the emitted particles, while for ¢e¢¢<0, straggling will make it 
difficult to choose Ez, from the observations, especially in the 
transmission case. It might be argued that the maximum observed 
energy should always be employed with appropriate treatment in 
the calculations. However, for ét<0, the maximum energy 
particles observed will be those produced at the back side of the 
target, and their energy will depend on energy losses in the target. 
Straggling in this loss and errors in its measurement will contribute 
considerable uncertainty to such a determination. 

For the reasons just discussed, in the experiments reported in 
this paper, observations have been made on the side of the target 
on which the incident particles impinge and on the lighter of the 
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two reaction products, so that é>0. In this way it has been 
possible to use thick targets for mechanical and other reasons and 
to use the spectrometer resolution to isolate reaction products 
from determinable lamina in these targets. A case in which 
GE2/0E,<0 and ée¢¢~0 has been discussed previously.“ It must 
also be noted that for éers0, variations in «, and ¢: with energy 
will also make contributions to the spread in energy of the ob- 
served particles, it being possible for particles of a given observed 
energy to originate in two separate lamina in the target if, for 
example, ée¢¢ varies from a small positive value through zero to a 
small negative one over the range of particle energies involved in 
the target events. 
Equation (B3) can be solved for EZ, to yield 
_ nEiwt+Ent+[Eia(GE2/dE,) — Exp 
n+(dE2/dE;) 


where the term in brackets is zero in the case of elastic scattering 
and in any case is a constant for a given reaction over any small 
range of energies. The independent variables in the experiments 
are E;z and Ex and convenient relations in certain calculations are 


OE, /dE\p= (1+ 0E2/dE;) (B6) 
OE, /dEw= (n+0E2/OE;)™. (B7) 


These partial derivatives make it possible to determine numeri- 
cally any interval or fluctuation in E, in terms of the corresponding 
intervals or fluctuations in E,g and Ey. This will be important, 
for example, in determining the energy resolution or errors in 
cross section vs energy measurements (excitation curves). 





E, : (B3’) 


The Effective Target Thickness in Thick 
Target Measurements 


The application of the above energy loss arguments to any thin 
lamina in the target leads to relations similar to (B3) and (B4). 
For example, if 6Z29 represents the energy interval over which the 
spectrometer accepts particles because of its finite exit window, 
then the energy loss of the incident particles in the lamina from 
which the observed particles are emitted is 


€1:5E 20 _ bE 2 rs 2E x 
éett| |n+0E2/0E;| Rel|n+0E2/dE,|’ 


where R, is the resolution (in momentum) calculated, taking into 
account only the exit (or collector) slit width. It is given by 


R.=2(1+M)ro/or-, 


where M is the magnification of the instrument (0.8 in these 
experiments), dr, is the collector slit width, and 7 is the radius of 
curvature of the particle orbit. As long as the actual target is 
thicker than £, other sources of finite resolution do not enter into 
the probability of detection and in any case integrals over the 
thin target distribu‘ion depend only on R,. Expression (B8) is 
useful for determining mf in cross-section measurements where n 
is the number of nuclei per cubic centimeter of target and ¢ is the 
effective target thickness parallel to the incident beam. Again 
considerable caution must be observed when | éefs| +0 since then, 
straggling and variations in «, and ¢; with energy play dominant 
roles in determining the effective target thickness. 


(B8) 





—&=en= 


(B8’) 


Corrections for Contamination Surface Layers 


In the body of this report we have reported our finding of thin 
layers of carbon and oxygen on certain types of targets even with 
liquid air traps and diffusion pumps connected directly to the 
target chambers. We have emphasized that the use of the magnetic 
spectrometer in the detection of reaction and scattering products 
has made it possible to ascertain the thickness of these layers 
throughout the observations and to make appropriate corrections 
 Tollestrup, Jenkins, Fowler, and Lauritsen, Phys. Rev. 75, 
1947 (1949). 
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for them. We here wish to discuss the magnitude of these correc- 
tions. 

The thickness of the layers is usually most directly expressed 
in terms of the energy loss of the incident particles in them. This 
is because observations on the amount of scattering by the layers 
and on the change in energy of the particles scattered by the true 
target under the layers can be accomplished so conveniently with 
the spectrometer. In the experiments described in this report we 
have used protons as incident particles and have found the energy 
loss in the layers in one traversal normal to the target to be, in 
general, of the order of 0.5 kev for 1-Mev protons. As the layers 
are about equally carbon and oxygen, it is sufficiently accurate to 
use the readily available stopping cross sections for air in calcu- 
lations of the thickness. For 1-Mev protons the value is 5X 107 
ev-cm?, so nl~10"? atoms/cm? where / is the thickness of the 
layer. Using a density of one, it is found that these layers are the 
order of 100 atoms thick or /~3X10~¢ cm. 

The correction for surface layers to be applied to Q, if the 
bombarding incident energy and the observed product energy are 
used in the preliminary calculations, is 


50 = 980; OE cos; aE; 


~0.1( | 


8. Shy 
c080, 9E; cos0, 0B, ~~” 


€2 M: 2 a M 3 €1 
a(t, 
oe cost, Ms; | cosh 


In the approximate expressions the ¢« are in the usual units 
employed, namely 10~* ev cm* or 10~ kev cm*. The partial 
derivatives can be obtained from (A14, 15). As an example, the 
correction for B'°(p,a)Be?, where @= 138°, 0,:=28°, @.=14°, and 
E,~E,~1 Mev is 


80~0.1[(46X 1.77/0.97) +(5X0.66/0.88) ]~8.8 kev. 


Because of the large value of this correction, EZ; and E, were 
carefully corrected before substitution in the Q-equation for layers 
measured before and after the direct observations. Also, in 
determining the excitation energy of Be’, the incident proton 
energy was adjusted so that the two alpha-particle groups had 
about the same energy and thus their large losses approximately 
cancelled in calculating the excitation energy. 





i) : 
Mi, kev at 90°. (B9) 
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The Effects of Straggling 


In the previous discussion we have emphasized that the strag- 
gling in the energy loss of the incident and outgoing particles 
introduces considerable uncertainty in the results of transmission 
experiments and even in the reflection experiments when 0£2/dE; 
is negative enough to make ées;<0. Fortunately, in the experi- 
ments here discussed dE;/dE, >0, and we have observed at angles 
for which the reflection method is convenient. Here, we wish to 
discuss straggling effects in somewhat more detail for this case. 

The mean square deviation in energy loss is given with sufficient 
accuracy for our purposes by the early formula of Bohr: 


((dE—AE)*)=4re's*Znt 
= 2602*ZAE/e (ev)*, 


where ze is the charge of the incident particle, Z is the atomic 
number of the target material, AE=(dE) is the mean energy loss 
in ev, and ¢ is the stopping cross section in units 10-5 ev cm. 
In measurements on the straggling of 1 Mev protons in Be we 
find this expression gives a value for the root-mean-square 
deviation low by only 30 percent and, since this is an extreme 
case, (B10) is accurate enough for use in small correction terms. 
Using the customary approximate expression for e we have 


((dE—AE)*)= EAE[2mo/M In(4moE/M1)], (B11) 


(B10) 


[((dE — AE)*)}#= 1/30(EAE/M)(InE/5200MZ)~4, (B12) 
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In (B12) the mass of the particle M is in atomic mass units and 
the average ionization potential, , of the stopping material has 
been evaluated as 11.5Z ev. In the logarithm term, Z must be in 
ev. In the region of usual interest (E~1 Mev for protons) the 
slowly varying logarithmic term ~3 and 


[((dE— AE)*) }}~0.02(EAE/M)!. (B13) 


The straggling will be in the same units as EZ and the energy loss 
AE. In our estimates of the straggling effects we add, linearly, 
the mean square deviations in energy loss for the incident and 
outgoing particles, using coefficients determined in the section on 
energy relations in the target. 

In the reflection experiments, when ée¢¢>0, there is little effect 
of straggling on the energy of the particles produced at the front 
surface of the target. The ideal step function is of course rounded 
off slightly but this rounding off occurs completely in an energy 
interval which is at most of the order of the maximum energy 
transfer in a single collision to atomic electrons by the particles 
involved. This transfer is just 4mo/M times the energy of the 
particle and even for protons is only ~0.002 of the proton’s 
energy. This is well obscured by other sources of finite resolution 
in the experiments here described, and, in any case, the effect on 
the average behavior of the particles at the surface can be expected 
to be smaller. As a consequence, straggling can be neglected in 
the determination of E23 except in so far as contamination layers 
are important. 

In a surface contamination layer in which the apparent shift in 
the observed energy of the outgoing particles is 


AE» = (0E2/dE;)AE,+ ASE, (B14) 


the stragyling will be given by summing the squares of the 
contribution of the incident and outgoing particles, viz. : 


bE og? = [(0E2/IE) bE, F+5E?, 


where SE, and 5E; can be any arbitrary measures of the straggling. 
They will always be proportional to the root mean square devia- 
tion in energy loss given by (B10 to 13). Neglecting other sources 
of finite resolution the rise at the high energy end of the observed 
energy distribution will be given by the integral of the error 
function and a tangent line drawn through the midpoint will rise 
to the full value in (27)#~2.5 times the root mean square devia- 
tion. Using this as a measure of the straggling we have 


bE x? = 1600Z[(2:0E2/dE;)*(AEi/e:) +227(AE2/e2) )(ev)? 
= 1600Z( AE 20/ eett) [(219E2/E1)*+ 22 cos; /cos6e (ev)? 


for éer¢ in 10-5 ev-cm*. We note that 
AE n/eott= AE; /€1= nl/cos0, X 10-8 


nl = 107 cm for the observed layers, and Z=7.22 if we use ¢ for 
air. Hence, 


bE 2 =1.1 [(210E2/AE;)*/cos@,+ 22?/cos6: }t kev. (B17) 


For the B'°(p~,a)Be? example of the preceding section we have 
AEw=4.9 kev and 5E%=3.2 kev. Since 5E2<AE2, this small 
straggling effect is a symmetrical one, and the method of determi- 
nation of Ezz is not effected. 

The straggling in the target itself has its major effect on the 
low energy side of the distribution of observed particles. If AE 29 
is the average apparent energy loss in the target then Eq. (B16) 
gives the interval 5E2 over which the tangent to the midpoint of 
the low energy side falls from the maximum reading to zero. As 
long as 5E2<AE2, as is the case for even the thinnest targets 
we have used, the straggling is symmetrical about the mean ioss, 
and the distribution in energy of the observed particles has a flat 
maximum extending over the interval ~AE2— 45E20 followed by 
a drop to zero over the interval ~é5E2. This is illustrated in 
Fig. 7 of reference 15 which shows the scattering of protons by a 
Be foil using very high resolution in the spectrometer. It can be 
shown that the maximum number of processes detected is just 
that to be expected in the ideal case neglecting straggling, and 
thus in calculating reaction cross sections it is justifiable to use 


(B15) 


(B16) 
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the stopping cross sections, which are based on average energy 
losses, in Eq. (5) of the main body of this report. The straggling 
in the target is also a source of finite resolution in energy determi- 
nations in excitation curve measurements. The effects of strag- 
gling in this connection will be discussed in a forthcoming paper 
on scattering measurements. 


Determination of £2, in Thin 
Target Measurements 


When thin targets are employed in Q-determinations the 
position in the observed energy distribution of the particles 
produced at the target surface depends on the effective target 
thickness for the emitted particles and the over-all resolution of 
the spectrometer. It is clear that Eg is given by the average 
energy of the observed particles plus one-half the effective target 
thickness for those particles in energy units. This effective 
thickness will just be the energy loss of the incident particles in 
the target multiplied by dE£2/dE, plus the energy loss of the 
emitted particles in traversing the target. It is most directly 
obtained by weighing the target and determining its area and 
then using the empirical values of the stopping cross sections and 
the angles of traversal. This is not always feasible, however, and 
measurements on the energy distribution of the incident particles 
scattered by the target can be employed readily to yield its 
thickness for a given energy of the incident particle. Only the 
variation of the stopping cross section with energy and not the 
absolute values need be used in such a calculation. Similarly, 
to obtain the energy loss of the emitted particles and the effective 
thickness for them, it is only necessary to know the ratio of the 
stopping cross sections ¢:/¢;. When it is possible to do so, the 
effective thickness is most easily determined by comparing the 
integrated yield for the target with the maximum yield for a thick 
target of the same material. From Eqs. (5) and (9) of the text 
one has directly 
Ex 
Nmx’ E 


where Nmax represents the maximum number of counts obtainable 
with a thick target and is the N appearing in Eq. (5’). 

The determination of the average energy of the observed 
particles involves the use of particles which have suffered large 
losses, and it is sometimes preferable to estimate the instrumental 
spread® in the energy of the observed particles and to use the 
ratio of £er¢ to 5E2o to predict the relative number of counts at Foz. 
As an illustration we consider the instrumental spread to be 
gaussian, and in keeping with our practice we take (27)? times 
the root-mean-square deviation as dE. We let the effective 
energy loss be spread uniformly over fer without straggling. 
Then if T=(2)4tets/5E2), we have 


NU») _1 (* exp(—1/2)at) / ( [7 exp(—#/2)a), (B19) 


Nmax 


NdE 2Ew ¢NdlI 


Nuns eS 


(B18) 


fet= 


where Jz is the fluxmeter reading from which Ezz is calculated. 
For £t>éE2, this approaches 4, as expected for a thick target, 
while for ftr6E2), it approaches unity, as expected for a very thin 
target. For frr=5E20, N(Isz)/Nmax=0.63 and for fer=5222/2, 
N(Is)/N max=0.84. The determination of the point at which 
N([g)/Nmax has its calculated value can often be done with 
considerable precision on the front side of the observed curve, 
and Ez is thus given accurately. - 


The Determination of E2, in Thick 
Target Measurements 


We have found that the most precise determinations are 
yielded by thick target curves. In this case, to the approximation 
discussed above, N(/s)/Nmax=}4, but in some cases it is worth- 
while to consider additional effects. These are the effects of the 


® We use 5Ex for the instrumental spread in Ex» in this section 
while we used it for the straggling in E29 in the preceding section. 
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dependence of the cross section of the process, the stopping cross 
sections, and the probability of detection of the emitted particle 
on energy. For no instrumental spreads other than that arising 
from the width of the exit slit, the number of counts at the flux- 
meter reading /) corresponding to the energy, E29, is proportional 
to the following energy dependent terms: 


N(Io)~nte(E))~Eno(E1) /eett(E1, Ex), (B20) 


where o must be evaluated at E;, the energy of the incident 
particles at which the reaction actually occurs (Fig. 17) and éete 
must be evaluated at appropriate average energies in the intervals 
Eiz to E; and E, to Es. As an illustration we consider the be- 
havior of this function in the case of Rutherford elastic scattering 
for which o~£E,~*. If we assume the scattering nuclei are heavy 
compared to the incident particles, we have 0£3/0E,=1 and 
2; = E,=4(E22+ Ex). The stopping cross section can be taken 
as inversely proportional to the square root of the energy (Geiger’s 
law) and hence 


(B21) 


For Es» not too far below E2g, this becomes 


N~Ext/Eog'~Ip'/Iblg for Io=1s. (B22) 


The observed number drops away slowly from a maximum number 
which is proportional to E23~4= E,g~4 or to Jp. We have verified 
this experimentally in considerable detail in the scattering of 
protons by copper. 

Returning to the general expression (B20) we now consider the 
effect of the instrumental spread in energy which, for convenience 
in calculation, we now assume to be rectangular in distribution 
with width Ex. =2E20/R in energy or with width 6J=//R on 
the fluxmeter scale. In the energy range of interest we approximate 
the yield by 

N~Ex"?*~IQ-", 
where by comparison with (B20) we have 
n= 2+a+ (2da/ odE )(e,E 29; €eft). 


In this expression the member a is a complicated term arising 
from the dependence of (B20) on ées: and is given by 

€2 C080; /Cos@2>€,0E,/dE, 

€2 C080; /Ccos0o~e,0E2/dE, 

€2 cos0;/cos#eKe,0E2/ dE). 


a=0, 

a3, 

a= 3 
To determine n, the relation o vs E; must be known or must be 
measured, independently. Then the effect of the finite resolution 
yields 


N(18)/N max=}(1+n/4R). 


Alternatively, 7g from which E2g is calculated can be found by 
adding né/p/8=nI/2/8R to the reading at half-maximum. Whaling 
and Li have found this correction to be appreciable in the 
Li?(p,a)He* reaction.” 


APPENDIX C. ERRORS OF THE MEASUREMENTS 


Sources which contribute to errors in measurements of E,, Eo, 
and @ and hence of Q have been enumerated previously.’® As is 
customary, they can be classified as either systematic or statistical 
errors. It has been our experience in performing measurements 
with the electrostatic analyzer and magnetic spectrometer dis- 
cussed in this paper that the statistical errors in a Q-value, 
determined under widely differing conditions (different bombard- 
ing energies, targets, and angles of observation) over long periods 
of time, could be reduced to very small values compared to 
realistic estimates of the systematic errors. Fluctuations in the 
incident beam energy, in the measurement of the fluxmeter 
reading, in the relative values of the field over the particle path, 
in the target, collector, and stop positions have apparently 
contributed statistical probable errors of 0.1 percent. 


51 W. Whaling and C. W. Li, Phys. Rev. 81, 150 (1951). 
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We have not attempted to make absolute energy measurements 
but have depended on the standard nuclear energy scale estab- 
lished through the careful work of Herb and his collaborators at 
the University of Wisconsin. One systematic error is as follows: 
(1) the published probable error in the energy of the resonance 
used directly in the calibration of the electrostatic analyzer and 
indirectly in the calibration of the magnetic spectrometer. Others 
are, (2) the nonlinearity of the scales of the analyzer and spec- 
trometer, (3) the uncertainty in the interpretation of the line 
shape of the observed particles as reflected in the choice of Ezz, 
(4) errors in the estimate of surface layer corrections arising from 
uncertainty in the scattering and stopping cross sections and, 
(5) the error in measurement of the angle of observation. 

If the errors in £,, E2, and @ are completely independent, then 
the error in Q can be calculated from 


sai dQ ct y (2 ) (2 ’ 
oe (See: Tan, Ht) tg 

with the partial derivatives being found in Eqs. (A13 to 15). In 
our method of calibration of the spectrometer, however, part of 
the error in E2 is dependent on the errors in E; and 6. By the use 
in these calibrations of scattering materials such as Cu, for which 
M o>Mj,, we made the contribution of any error in @ to the error 
in £2 practically negligible. We also used high energy particles so 
that layer errors were minimized. On the other hand, the relative 
error in £2 is equivalent to that in EZ, of the calibrating particles, 
since 0E:/8E,:=E2/E, in scattering processes [see (A12) and 
(A20) for Q=0]. It is then easy to show that (0Q/0E,) in (C1) 
must be replaced by Q/E:, and 6E2 must be taken as just the 
independent errors in E». Since Herb gives the probable error of 
his determinations of the F'(p,a’y) and Al(p,y) resonances as 
0.1 percent, a contribution to the first term in (C1) is (0.001Q)?. 

Another interdependent error in E, and Es is number (4) above, 
the surface layer error. The correction we make for surface layers 
can be in error. by 6&/E~20 percent just because scattering and 
stopping cross sections are uncertain to about this amount. The 
error is thus about 0.1 kev for 1-Mev protons or 0.01 percent. 
The contribution to the error in Q is (—0Q/0E:+70Q/d0E,)6é, 
~(1+7)E:X10~. Note that the terms in the coefficient of 5£, 
are usually of the same sign, since 6E;= —6é and 6E.=n6é,. 

Careful measurements with H*, HH*, and HHH? ions, as 
described previously, have not revealed any indication of a 
systematic nonlinearity in the scales of the analyzer and spec- 
trometer. One possible source of nonlinearity—the stray field of 
the magnetic spectrometer—has been shown by Mr. William 
Warters of this laboratory to be closely proportional to the field 
in the magnetic gap over the full range of fields used in these 
experiments. We have, in addition, attempted to perform calibra- 
tion experiments at the same energies as in the direct measure- 
ments. 

The determination of Ex, from the observed distribution in E29 
has been discussed in Appendix B. In clean-cut cases in which the 
cross sections are known, the backgrounds are small, and the 
surface layer effects are small, the location of E2s involves only 
negligible error. This is the case for Li(p,p)Li’ and B"(p,a) Be’. 
In the cases Li?(p,p’)Li™* and B"(p,a’)Li™, the background and 
layers were especially troublesome, and we estimate the systematic 
independent probable error from this cause to be 0.001Z, in the 
first case and 0.00152 in the second case. Multiplication by 
8Q/0E: yields the contribution to the error in Q. 

The error in Q arising from the error in the measurement of the 
angle of observation can be relatively large. For E; and Ep» in 
Mev we have from (A10) and (A13) 


00/00=35(M,M2E,E2/M;*)' siné kev/degree. 


(C1) 


(C2) 
The corrections can be minimized by observations near 0° or 180° 
but this is often not practical for other reasons. In these experi- 
ments we have been primarily interested in the excitation energies 
of Li’* and Be’*. By measurements of the Q’s involving the ground 
and excited states without changing the position of the spectrom- 
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eter and thus without changing @, we have been able to minimize 
the effect of the systematic error in 6. We actually compute 
E,=A4Q=Q-—(* from 
M;+M:2 M;—M, 
AQ=——_——(E:— Ey’) -———_(E— E,’) 
ee ee 
(M,M,)! 
—2 cos0~ = *_[(E,E:)t—(Ey'E,’)*], (C3) 
a3 
where the unprimed quantities are determined in Li’(p,p)Li’ or 
B"°( p,a) Be? and the primed ones in Li’(p,p’) Li” or B"(p,a’)Be™. 
It is clear that the systematic error in @ can even be reduced to 
zero by appropriate choices (not independent) of the E’s such 
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that (E.E£.)§—(E£,;'E.’)'=0. Also, it can be shown that if the 
scales for EZ; and E,» are calibrated against the same primary 
standard, 5AQ=(4Q/E,)dE:=(4Q/E2)6E2. In the Be™ case, we 
choose E,'~E, in order to minimize the large errors arising from 
uncertainty in the energy losses of the outgoing alpha-particles. 
This also reduced the error from @ to 30 percent of its effect on 
the main Q-value. In the Li’™ case, for intensity reasons, we 
choose E,=£,’. It should be emphasized that the systematic 
error in the location of E2, is large only in determining Q* and 
so this error is not reduced in the calculation of AQ. The various 
errors and the final values are discussed and tabulated in the text 


(Tables IIT and V). 
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The magnetic spin-orbit coupling of the p-shell nucleons is 
shown to have the correct sign and about half the magnitude to 
account for the 45-kev difference of the first excitation energies, 
479 kev in Li’ and 434 kev in Be’, if these are interpreted as 
doublet splittings arising mainly from a spin-orbit coupling term 
of the same form as the Thomas term but stronger and presumably 
of mesonic origin, such as seems to be responsible for the ap- 
pearance of (jj) coupling in heavy nuclei. Be’ is expected to be 
slightly larger than Li’ because of the added coulomb repulsion, 
so that the average value of the main term is expected to be 
smaller for Be’, and it is estimated that this coulomb expansion 
explains another one-fourth to the splitting difference, leaving 
about one-forth unaccounted for. These estimates are made both 


I. INTRODUCTION 


NE very interesting feature of the 434-kev state in 

Be’ is that its excitation energy is approximately' 

but not exactly equai to that of the 479-kev state in the 
mirror nucleus Li’. One, of course, assumes that they 
are mirror states,’ or that they differ only in isotopic 
spin and coulomb energy, and the current experi- 
mental situation* favors the conclusion that they have 
nuclear spin J=}4 in spite of the intensity-ratio diffi- 
culty in the thermal reaction B"(n,a)Li™, Li’. This 
permits one to assume‘ that this state, together with 
the ground state, forms a *P. The magnitude of the 
479-kev doublet splitting has long presented a problem 
of interpretation in terms of nuclear spin-orbit coupling, 
and now the 45-kev difference between the two doublet 
splittings enriches the opportunity for testing simul- 
taneously the interactions responsible for spin-orbit 
coupling, the theory of nuclear structure, and the *P 
assignment. The original interpretation‘ of this splitting 

' Brown, Snyder, Fowler, and Lauritsen, Phys. Rev. 82, 159 
On is verified by the approximately equal gamma-ray inten- 
sities in the mirror reactions. 

3 B. Rose and A. R. W. Wilson, Phys. Rev. 78, 68 (1950); B. T. 
Feld, Phys. Rev. 75, 1618 (1949); S. Devons, Proc. Phys. Soc. 
(London) 62A, 580 (1949); D. R. Inglis, Phys. Rev. 81, 914 (1951). 

4D. R. Inglis, Phys. Rev. 51, 783 (1936). 


very simply by means of the droplet model and more reliably by 
minimizing the energy obtained with exchange interactions and 
three-dimensional isotropic oscillator wave functions. Energies 
attributed to spin-orbit coupling in other nuclei indicate that the 
main term should make the Li’ and Be? doublet splittings about 
50 percent larger than observed. This suggests that second-order 
perturbations may reduce both by nearly the same amount, 
leaving their estimated difference significant. The possibility of 
more drastic perturbations and their relation to the quadrupole- 
moment problem are discussed. The agreement of the estimated 
splitting difference in sign and order of magnitude is consistent 
with other evidence favoring the (LS)-coupling interpretation 
that the two low states form a ?P. 


was given in terms of the picture of a nucleus consisting 
of nucleons as its fundamental constituents, with their 
binding forces treated phenomenologically, and with 
no attention paid to the source of these forces. The 
relativistic kinematic effect known as the Thomas pre- 
cession was seen as the primary source of the splitting, 
modified by the magnetic effect. This simple theory 
automatically gives the correct sign of spin-orbit 
coupling to account for the nuclear spins of the ground 
states of most fairly simple nuclei (whereas subsequent 
theories of spin-orbit coupling unfortunately leave an 
arbitrary choice of sign). For this reason it remained 
attractive even after it became increasingly apparent 
that it was inadequate to account for the magnitude of 
the 479-kev splitting in Li’, because of the possibility 
that a narrower doublet might be hidden in the rather 
broad ground-state group of the range measurements, 
until rather recent magnetic analysis’ showed the 
ground state to be single within a few kev. The recent 
success of the (j/) coupling shell model® indicates the 
presence of strong spin-orbit coupling in heavy nuclei 


5 Buechner, Strait, Stergiopoulos, and Sperduto, Phys. Rev. 74, 
1569 (1948). 

®M. G. Mayer, Phys. Rev. 78, 16, 22 (1950); D. Kurath, Phys. 
Rev. 80, 98 (1950); Haxel, Jensen, and Suess, Naturwiss. 36, 155 
(1949). 
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of the same sign and order of magnitude as required to 
account for the 479 kev excitation in Li’ as a ?P 
splitting. It is impressive that in quite another branch 
of nuclear physics, the high energy nucleon-nucleon 
scattering, strong spin-orbit coupling of a compatible 
order of magnitude has recently appeared’ as a possible 
means of preserving the symmetry of the interactions. 
Both the Thomas term and the magnetic term in the 
spin-orbit coupling satisfy, and indeed arise from, the 
requirements of relativistic invariance, as does the spin 
itself (apart from the rather abitrarily introduced 
anomalous nucleon gyromagnetic ratios), and Furry® 
has shown how they are related to the introduction of 
electromagnetic or scalar potentials in the Dirac equa- 
tion for a single particle. They are not the only Lorentz- 
invariant types of spin-orbit coupling: Breit®" has 
shown that, with ordinary non-exchange interactions 
(or with Heisenberg interactions that are also spin- 
independent in the isotopic-spin language), invariance 
to order v*/c? is obtained with a spin-orbit coupling 
between two nucleons of the form Qi:+Q with 


Onu=(h/4M?e)[—ae.+(1—a)or]-peX Vater, (1) 


where a is arbitrary. The special case a= —1 gives the 
spin-orbit coupling for Dirac particles interacting 
through an electromagnetic field, ViJi: then corre- 
sponding to the (charge times the) electric field, the 
time component of a four-vector, which transforms into 
a magnetic field plus an electric field in the coordinate 
system of a moving particle (of which the magnetic 
field gives the magnetic term and the electric field con- 
tributes to the Thomas term in the spin-orbit coupling). 
The term containing 20; is the purely magnetic term for 
the particle whose motion is not represented, corre- 
sponding to having the other particle circulate around 
it. The term containing o, is the magnetic term reduced 
by a factor } by the Thomas term for the moving 
particle k, corresponding to the Thomas precession” 
introduced by the acceleration arising from ViJx0. 
When arbitrarily multiplied by g/2 (where g is the 
gyromagnetic ratio, which is 2 for a Dirac particle) to 
account for the anomalous magnetic moment, the mag- 


7K. M. Case and A. Pais, Phys. Rev. 80, 203 (1950). The ter- 
minology of this very important paper, unfortunately, adds to the 
current confusion, with rebirth of interest, in the use of the word 
“coupling” as taken from atomic physics: it erroneously uses the 
term “ZS coupling” as an abbreviation for “spin-orbit coupling 
(energy)” whereas “(ZS) coupling” has traditionally meant 
“Russell-Saunders coupling (scheme)” in which Z and S are 
approximately diagonal. 

° W. Furry, Phys. Rev. 51, 784 (1936). 

®G. Breit, Phys. Rev. 51, 248 (1937). 

1G. Breit and G. R. Stehn, Phys. Rev. 53, 459 (1938). 

"LL. Rosenfeld, Nuclear Forces (North-Holland Publishing 
Company, Amsterdam, 1948). 

2S. Dancoff and D. R. Inglis, Phys. Rev. 51, 784 (1936). 
Errata. The following nearly obvious misprints in this pedagogical 
note have not been previously recorded: In the equation for dx 
and dt the numerator, and in the equations for uz and uy the 
denominator should have + in place of —. In the first equation 
of the second column, 67 should be wr. 
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netic term for a nucleon (#) due to its own motion is 


An= (hg/4M22)ox-peXViJ xt 
= — (h?ge/2M*c*)(1/r) (dU/dr)l-s. (1a) 


Here the last member is written for the case of a central 
electric potential energy J;->eU(r.)=eU(r), as though 
the other particle were effectively at rest as in an 
average over a closed shell, the angular momentum is 
lh= Xp, and the spin s=¢/2. This term arises directly 
from the charge and magnetic moments of the nucleons 
involved, which we consider to be intrinsic properties 
of the nucleons in addition to any other effects related 
to the exchange nature of the forces, so that we assume 
this term to be present in any case. The Thomas term is 


Hr= = (h ‘4M c?)o;, . viX Vides 


= (h?/2M*c*)(1/r)(dV/dr)l-s, (1b) 


where 2,= p;/M and V isa central non-electromagnetic 
potential which simply transforms into itself and enters 
the Dirac equation of a single particle as a scalar* added 
to the mass term. Although this is too small to account 
for the large spin-orbit coupling appearing in nuclei, it 
is of interest here because of its form. Breit also showed 
that there are still other possibilities with a space- 
exchange (Majorana) interaction, for example, and that 
with “reasonable” choice of the arbitrary constant 
(that is, with the constant analogous to a having order 
of magnitude unity) one can obtain” a sufficiently large 
spin-orbit coupling. The effect of the exchange nature 
of nuclear forces, which was thus treated phenomeno- 
logically with this promising result, has been studied 
more recently from the point of view of the meson 
origin of nuclear forces. Dancoff'* has shown by a per- 
turbation theory treating the nucleons relativistically 
that a scalar coupling to a field of neutral vector mesons 
gives only a term which is essentially the same as the 
Thomas term, too small, but of determinate and correct 
sign (as may be associated with the concept that it 
corresponds to the centripetal acceleration of mesons as 
the Thomas term does to that of the nucleon, the 
nucleon with spin up being part of the time a nucleon 
with spin down and a meson with spin up). M¢ller and 
Rosenfeld (reference 11, Sec. 17.43) have shown that a 
mixed vector and tensor coupling may, with appropriate 
choice of the arbitrary constant, give rise to a coupling 
of the form (1b) but with +1/y, the reciprocal of the 
meson mass, in place of 1/M in the second member of 
(1b), which makes it sufficiently large and leaves its sign 
arbitrary. In a later discussion of essentially the same 
theory, Gaus'* has brought out more clearly the sim- 
plification that can be introduced in the spin-orbit 
coupling problem by treating the saturation of forces as 
arising from a saturation of the meson field. In an 
evaluation of the expression AV/Ar at the edge of the 
nucleus, that is, dV /dr in (1b), this allows one to identify 
the energy increment AV for the meson with the familiar 


8S. Dancoff, Phys. Rev. 78, 382 (1950). 
4H. Gaus, Z. Naturforsch. 4A, 721 (1949). 
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AV for a nucleon. This is a theory which applies perhaps 
better to heavy nuclei than to light nuclei because it 
assumes a full realization of the saturation property of 
nuclear forces. A still newer consideration of the problem 
by Heisenberg!® discusses the interaction between in- 
dividual nucleons in terms of an analogy with the 
coupling of electrons to the photon field, purposefully 
avoiding any further specification of the nature of the 
meson field than is necessary for the discussion of this 
analogy in general terms. Because it treats the inter- 
action of individual nucleons, this formulation seems to 
be better suited to the discussion of Li’ and Be’, where 
the saturation of the forces is not fully realized. His 
argument consists simply in pointing out that the 
coupling of two electrons to the photon field leads not 
only to the coulomb force but also to a spin-orbit 
coupling and a spin-spin coupling as well. The analogous 
coupling of the nucleons to the meson field is known to 
give rise to a Yukawa force, and in the analysis of the 
properties of the deuteron, to a spin-spin, or tensor 
force between nucleons. By analogy it may be expected 
to give rise to a spin-orbit coupling as well. By a careful 
comparison of the constants involved in the two cases, 
including dimensional arguments, Heisenberg makes it 
plausible that the spin-orbit coupling for a circulating 
nucleon (&), which in analogy to the spin-orbit coupling 
for an electron [(M/m)? times (1) with a= —1] is taken 
to have the form (1b), has the magnitude 


Ha=+(h/uc)on-viX Vi x 
—— (2h?/uMc?)(1/r)(dV /dr)(1-s), 


with the meson mass yz in the denominator. The nega- 
tive sign of the last member is determined empirically 
from the Li’ ground state. 

One may prefer to look on the existence of a large 
spin-orbit coupling merely as an empirical fact.5~’ From 
invariance considerations we have interactions of the 
general form of (1) available, and with a=}4, which cor- 
responds to a scalar or non-electromagnetic J,i, it 
includes a factor L-(s;+s,), where in the case of just 
two nucleons L is their angular momentum. This it 
what is needed in the high energy scattering problem,’ 
an interaction in a triplet state and none in a singlet 
state so the Pauli principle may make a large difference 
between like-nucleon and unlike-nucleon scattering. 
Such an interaction (or (1) with any a#1), although 
it contains two spins, still reduces to a simple spin- 
orbit coupling of the form (1b) when applied to a 
single nucleon (k) circulating under the influence of 
other nucleons (/) in closed shells or pairs (since in the 
sum over / the opposing o; cancel) and this is consistent 
with the needs of the (jj) coupling shell model. 

In discussing the magnitude of the first excitation 
energies of Li’ and Be’, we wish to test the possibility 
of attributing the spin-orbit coupling to a main term Hg 
(which may be considered to include Hr), of the order 
of magnitude given by (1c), whose exact magnitude we 


(1c) 


46 W. Heisenberg (unpublished lectures). 
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determine only empirically in terms of the average 
excitation energy of the two nuclei, and the magnetic 
term H,, which contains no arbitrary parameter. The 
main term, Hq, even though it does not have any direct 
connection with the coulomb energy, can be expected to 
contribute more to the doublet splitting in Li’ than in 
Be’ because of the larger size of Be’ arising from its 
additional coulomb repulsion. The magnetic term, 
though very much smaller, contributes more directly to 
the difference of excitation energies, being positive for 
Li’ and negative for Be’ because of the opposite signs 
of the proton and neutron magnetic moments. We shall 
show that the two effects together have the right order 
of magnitude as well as the right sign to account for the 
45 kev Li’—Be’ difference. 

Evaluation of the energy resulting from the assumed 
interactions involves use of a nuclear model, so we are 
forced to test the adequacy of the interactions and the 
model at the same time. Because it may help to show 
how much uncertainty arises from the model and for 
the sake of a presentation in steps of decreasing sim- 
plicity, we shall discuss the question separately in terms 
of two models. The first is the very simple uniform- 
density or droplet model of the nucleus which suffices for 
puposes of preliminary orientation, even though seven 
particles are too few for the valid application of sta- 
tistical methods. The second is a simple variation 
calculation based on the use of a phenomenological 
exchange interaction and oscillator wave functions, 
which presumably more adequately represents the con- 
tention between potential and kinetic terms in deter- 
mining the relevant nuclear properties, but which also 
falls far short of a complete treatment of the seven-body 
problem. 


Il. COULOMB EXPANSION 


In calculating the effect on Ha of the added coulomb 
expansion in Be’ one considers the balance between 
kinetic and potential energies which determines tbe 
stiffness against expansion, or the compressibility of the 
nuclei. In either model one obtains, as functions of a 
nuclear size parameter such as R, the mean kinetic 
energy T(R), the mean potential energy V(R) arising 
from the specific nuclear interactions, and the average 
coulomb energy for Li’, U,i(R), and for Be’, Us.(R) 
=U 1;\(R)+£.(R), E. being the coulomb difference. 
The main term H, in the spin-orbit coupling contributes 
an averaged value E,(R) to the doublet splitting, and at 
the equilibrium value Ry is assumed to be E,(Ro) =~ 450 
kev. Of this, according to the Lande interval rule, 
—(1/3)E,z belongs to the energy of the ground state 
and (2/3)Ez to the excited state. The zeroth-order 
energy for the ground state of Li’ is taken to be 
E(R)=T+V+U i (here —E,/3 is neglected). The 
equilibrium value Rp for Li’ is found from the minimiza- 
tion process E’(Ry)=0. The equilibrium values for Li’, 
Be’, and Be™ may be called R,, R2 and Rs, respectively. 
For the excited state Be™, for example, the minimizing 
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value R; is found from the Taylor expansion 


Ex.*(R) = Eot+ 3(R—- Ro)? Eo’ +E.(Ro) 
+(R—Ro)E.'+Ea(Ro)+(R—Ro)Ed'+-++ (2) 
as 
R;— Ro= — (E.'+ Ea’), Ey” (3) 
and thus one has the equilibrium value Ex,,.*(R;). Here 
E,” represents the compressibility. Similarly, one has 
Ex-(R2) and E£,;*(Ri) at their individual minima by 
omitting E,’ or E,’, respectively. Then the difference in 
doublet splittings of Li’ and Be’ is 
Eait=(Exi*(Ri)— Eo(Ro) ]—(Ene*(Rs)— Epe(R2) ] (4) 
= E.' Ed Ey’. : 
The result is the same as would be obtained by con- 
sidering only the effect of the coulomb expansion caused 
by £.’ on the evaluation of the spin-orbit term E,, the 


effect'® on E, of the expansion brought about by E,’ 
having disappeared in taking differences. 
Ill. THE DROPLET MODEL 

In the uniform-droplet model the kinetic energy is 

T = k/ R?= (3/10)(9x)8(137?/1837)A me Ss 

e 2 (5) 

= 28.5A mc 
with the equilibrium value of the nuclear radius 
R= Ry=A ie /2 mc’. (6) 


We may assume that the only lack of saturation of the 
nuclear forces is found on the surface and thus that the 
change of potential energy on expansion of the nucleus 
is the change of the surface energy, which is propor- 
tional to the surface area, 

E,= sR’. (7) 
The nuclear equilibrium size is determined by the 
vanishing of the derivative 


d(E,4+-T)/dR=2E,—T)/R=0. 


We may take Ey= T+E,, neglecting the coulomb term, 
U,i, and at the equilibrium radius have 


E,’= 2(E,- T), ‘R=0, 


(8) 


(9) 
and 


Ey =2(E,+3T)/R?=8T/R’. 


The main term in the doublet splitting, Z,, contains a 
factor ((1/r)(dV/dr))« according to (1c), and the 
method of averaging used by Gaus"! is appropriate for 
the droplet model: The probability that the nucleon is 
in the surface layer of thickness Ar over which the 
potential drop AV takes place is proportional to the 
relative volumes, 3Ar/R, so E,(R)~R~, or E,’= 
—2E,/R with Ei=450 kev=0.9 mc?. The coulomb 


(10) 


'® E. Feenberg, Revs. Modern Phys. 19, 239 (1947), in the 
neighborhood of Eq. (20), in a rather similar treatment of nuclear 
compressibility, discusses the effect of the state of excitation in a 
different manner 
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energy of a uniformly charged sphere is 


U=C/R=(6/5)Z(Z—1)A“ me’; (11) 


the latter for the usual equilibrium radius (6), and thus 
the coulomb difference E. has the equilibrium value 
(36/5)7-! mc, and E.’=—E,/R. From (4) we then 
have the coulomb-expansion part of the Li7— Be?’ dif- 
ference in excitation energy 


Egit= E-Ea/4T = (9/5) (0.9/28.5)7-** me? = 2.2 kev. (12) 


* This is very small compared to the observed difference 


45 kev, but this simplified estimate is unreliable 
because of the use of the surface energy, as is discussed 
further below. 

The magnetic term in the spin-orbit coupling, Hn, 
contains a factor I-s the evaluation of which depends 
on the angular properties of the ?P states or the way 
in which the individual-nucleon vectors I and s are 
compounded to make the nuclear vectors L and S. The 
simple spin-independent symmetric hamiltonian dis- 
cussed by Feenberg and Wigner'’ gives a well-isolated 
*P having maximum symmetry, an appropriate com- 
bination of 'S*p and 'D*p in which the neutrons, in the 
case of Li’, are in singlet states and do not contribute 
to S, although the three p nucleons contribute equally 
to L. It appears that the only simple way one can obtain 
a *P as well isolated from other multiplets, as required 
by experiment, is to have an approximation to this 
state of maximum symmetry. For this *P we have for 
the expectation values, 


I-s=(1/3)L-S 


because the proton which has the spin carries only one- 
third of the orbital angular momentum." L-S is of 
course —1 for the *P; and 3 for the *P;, the difference 
being —(L+}3)=—. The difference E,, of the proper 
values of the magnetic energy H,, then contains a factor 
— (3)/3=—} in place of I-s in (1a), for the ?P of maxi- 
mum symmetry. 

The odd neutron in Be’ in the droplet model moves 
in the parabolic electric potential of the uniform spher- 
ical distribution of charge Ze representing the four 
protons, 


(13) 


U=(3—(r/R)*)Ze/2R 


for which the factor (1/r)(dU/dr) appearing in H,, has 
the value —Ze/R*®. The magnetic contribution to the 
doublet splitting is then 


En = (4/A)(137/1837)°Zg mc?=0.0061Z(g/2) mc”, (15) 


where (g/2) is —1.91 for the neutron in Be’ and 2.78 
for the proton in Li’. For Li’ only the other protons con- 
tribute to U, and Z is to be replaced by Z—1. Thus, we 
find E,= 17.5 kev for Li’ and — 24 kev for Be’. The dif- 
ference 41 kev (when augmented by 2 kev from (12)) 
agrees exactly with the experimental difference 45+-4 


(14) 


17E. Feenberg and E. Wigner, Phys. Rev. 51, 95 (1937); 
E. Feenberg and M. Phillips, Phys. Rev. 51, 597 (1937). 
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kev, which of course should not have been expected of 
so rough a model, and indeed the agreement is not so 
good with the more refined oscillator estimate. 


IV. THE CENTRAL MODEL WITH 
OSCILLATOR FUNCTIONS 


The treatment of the problem in terms of oscillator 
wave functions permits the following improvements 
over the crudity of the droplet model: (1) introduction 
of a reasonable radial and angular density dependence, 
(2) allowance for exchange, and (3) determination of 
nuclear size from binding energy and the range of forces 
given by scattering, rather than by the rough assumption 
that the density is the same as in heavy nuclei. The 
compressibility is again given as the result of a com- 
petition between kinetic and potential energies, but 
these quantities are presumably expressed more nearly 
correctly in this more refined model. 

The single-nucleon oscillator wave functions are'*'® 


¥.=s=2—' exp(—p*/2), 


Wp, c= Pr= 2'aE exp(—p?/2), (16) 


where p’=car’, ?=aax*. Here a is the inverse-square 
range parameter which appears in the simple Majorana 
interaction —-BP* exp(—ar*) which js introduced into 
the calculation, and @ gives the size of the wave function 
relative to this range. 

The simplest wave function we can write for the Li’ 
nucleus is then the product 


(sts~pet ps )v(stS~pz*)e, (17) 


where the superscripts refer to spin direction and the 
subscripts vy and mw to neutron and proton. Such a 
product is to be thought of as antisymmetric in exchange 
of like nucleons, and the effect of the space-exchange 
operator of the Majorana interaction is to introduce a 
negative exchange term for each like-spin like-nucleon 
pair. The sum of the interactions within the s shell and 
between the s and p shells can then be written, in the 
notation of reference 19, 


_ B(6foo00+ 12f1001— 3fi010) (o r)! 


=—3B(e/r)(1+5/r). (18) 


Here r=o+2. This part is valid for any state of the 
configuration s*p*, not just for (17). The interaction in 
the p shell for the simplified wave function (17) is 


—3fi1B(o/7)'= —3B(o/r)'(1—2/7+3/7*). (19) 


A more complete calculation" which takes into account 
the angle and symmetry relations of the p-nucleons in 
the ?P of maximum symmetry gives, as an improved 
evaluation of the Majorana interaction between them, 


3L+2K = — B(a/7)*(3 firs +2 firoo?) 


= —3B(o/r)3(1—2/r+11/3r°). (20) 


18 W. Heisenberg, Z. Physik 96, 473 (1935). 
19D). R. Inglis, Phys. Rev. 51, 531 (1937). 
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s-shell 
s-p 
p-shell 
U 





This is seen to differ very little from (19). (It appears 
that the failure to symmetrize the space wave function 
of the two neutrons is approximately compensated by 
the excessive angular concentration of the p-nucleons in 
(17).) The potential energy V(c) is the sum of (19) and 
(20). The kinetic energy corresponding to (17) is 
(3+21/2)ac/2, the zero-point energy of 21 one-dimen- 
sional harmonic oscillators, plus one unit of excitation 
each for three of them. This includes a small erroneous 
contribution from the zero-point fluctuations of the 
center of mass in (17), and the corrected value”’ is 
slightly lower 


T =6a0 (21) 


n units h?m/M, or mc? including the unit mMc?/h? of a. 
The coulomb energy is, of course, larger for Be? than 
for Li’. In calculating the coulomb interaction within 
the s-shell and the direct interaction between s and p 
shells, the imtegrations are elementary radial ones 
making use of the constant potential within a thin 
spherical shell. The exchange part of the s—p interaction 
and both parts of the interaction within the shell 
involve angular integrals over the expansion which 
appears in the theory of atomic spectra, 


1 r= ys (R+$)O."(0)O." (0) r*smatter fg, as, (22) 
k,m 


the ©’s being normalized to unity. The interaction 
within the p-shell depends, of course, on the nature of 
the ground-state *P, whether it is purely the *P; state 
of maximum symmetry" or whether it contains a large 
admixture of higher states in this representation. In 
seeking to attribute the first excitation energy to spin- 
orbit coupling we are in a sense trying to get along with 
a simple *P since large admixtures of higher states would 
contribute independently to the separation, as has been 
proposed as an alternative mechanism by Feingold and 
Wigner* (discussed in (d) below). For the simple *P 
the coulomb interaction between the two p-protons in 
Be’ has been given" as L.+(2/3)K., where L, can be 
written briefly as (22| e?/r|2z)=(49/30)(ca/2x)'e? and 
K,. as the exchange integral (yz|e?/r|zy)=(1/15) 
X(ca/2mr)'e. The exchange contribution is positive 
because of the high space symmetry in the two protons 
and small because of cancellation of positive and 
negative parts of the overlapping function. In units 
(ca/2m)*e, the various coulomb energies are given in 


TD. R. Inglis, Phys. Rev. 53, 880 (1938), reference 17. 
21 4. M. Feingold and E. Wigner, Phys. Rev. 79, 221 (1950). 
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Fic. 1. The artificial treatment of the potential energy V in the 
droplet model makes the curvature of the energy £ at equilibrium 
greater than in the oscillator calculation, and the nucleus stiffer. 


Table I. For"a=22mMc?/h?, these totals are U1; 
=3.08c'me and Upe=5.98c'mc?. The difference of 
these is the coulomb difference, E.=2.9a!me. 

It is important that the arbitrary constants be deter- 
mined in such a way as to give as good an account as 
possible of the competition between kinetic and poten- 
tial energies in determining the nuclear compressibility. 
It is well known!’—* that such a first-order calculation 
is quite inadequate to give a correct account of the 
binding energy of the nucleus, partly because the 
binding energy is a rather small difference between two 
larger quantities neither of which is estimated suf- 
ficiently accurately by this method, perhaps partly also 
because of inadequacy of the interactions. Yet the 
nuclear radius given by the calculation is very sensitive 
to the binding energy, a fault which may plausibly 
be remedied by increasing the nuclear interactions 
beyond their presumed actual strength by an amount 
just sufficient to give the correct binding energy. This 
procedure should give the size and stiffness of the 
nucleus as nearly correct as can be expected from any 
available simple approximation. 

The actual specific nuclear interaction between two 
nucleons is taken to be specified by the parameters” 


B=50mc, a=22mMc/h’. (24) 
The first-order energy Eo(c), the sum (18)+(20)+(21) 
+ (23), the latter for Li’, is found to have a minimum at 
oo= 1.355 and to give the binding energy 75.4 mc’, thus 
matching sufficiently closely the experimental value 77 
mc*, if B in Ep is increased to 104 me’. (So large an 
increase of B would not be required if a combination of 
exchange operators were used, so chosen as barely to 
satisfy the saturation requirement; but this added 
refinement would not greatly alter the way in which 
the potential energy varies with o, in which the varia- 
tion of the inevitable factor (¢/r)! is most important.) 


* Breit, Thaxton, and Eisenbud, Phys. Rev. 55, 1018 (1939) ; 
R. D. Hatcher and G. Breit, Phys. Rev. 75, 1389 (1949). We have 
rounded out their numbers A = 51.44 me and a=21.59 mMc2/h*. 
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The curvature of E,(c) at the minimum is Ep’’(ao) 
= 85.5 mc. 

The oscillator wave functions are generated by a 
fictitious three-dimensional oscillator potential 


V = (h?/2M)(ao)*”? 


which in a perturbation theory similar to the Hartree 
procedure is taken to approximate the actual potential 
experienced by the nucleons throughout most of the 
range of their wave functions, so we may conveniently 
use this V in (1c). We then have”* 


((1/r)(dV /dr) \w~o?~ Ea=(a/o0)? 0.9 mc. (25) 
Thus, with Eg’=1.80 9" mc, E,’=1.45097? mc, and 
E,y’’=85.5 mc*, we have from (4) the expansion con- 
tribution to the excitation difference 


Eaig=0.019 mec = 9.7 kev. (26) 


This is much larger than the value given by the cruder 
droplet model but still only about one-fourth of the 
observed difference of 45 kev. The reason for the dis- 
crepancy between the two models is displayed in Fig. 1. 
In using the droplet model we have gone beyond the 
usual comparison of situations in which the density 
remains constant, as in the elongation leading to fission, 
and have treated the saturation as so complete in the 
interior that the only lack of saturation is found in an 
idealized surface layer even when the density changes. 
This artificial treatment makes the potential energy V 
quadratic in the radius, whereas in the more realistic 
oscillator calculation it tails off to zero for large radii 
and indeed has negative curvature at the equilibrium 
radius. The positive curvature of V in the droplet model 
thus makes the curvature.of the total energy at the 
equilibrium radius unduly large and makes the nucleus 
much too stiff. 

This estimate is to be considered as an upper limit 
in the sense that it is based on the very favorable 
assumption of equal sizes of neutron and proton dis- 
tributions: if the neutron in Be’ were not expanded as 
much as its fellow protons, which are directly affected 
by the coulomb force, the effect would be smaller (or 
might even reverse its sign). 


V. MAGNETIC SPIN-ORBIT COUPLING 


In the usual approximate treatment of magnetic 
spin-orbit coupling, the electric potential U(r) in (1a) 
is considered to be already averaged over the positions 
of the (“other”) protons. In Li’ the other protons are 
in the s-shell so U has spherical symmetry and the 

% Keeping the constants of (1c) and (13), we have 

Ea= (it/2uMC) (ac)? = 242(m/u)o*me, 
which is about 1.6 mc*. This shows that Heisenberg’s evaluation 
of the constant, with the present estimate of ¢, gives too large a 
spin-orbit coupling by about 70 percent even with the factor } 
from (13) included. 
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evaluation is straightforward: 


((1/r)(dU/dr))m 


’ 
p*dp exp(— p”) f p*dp exp(— p”) 
6 


c 
= 2(ac)4e—__—_—_——_ 


p'dp exp(—p*) f p*dp exp(—p*) 


ji 


= (4/3)(24)—*(ac) te. (27) 
With a=22 mMc/h’, this with (13) in (1a) gives the 
magnetic splitting for Li’ 


Em, ui= 0.0047 (g/2)o4me? = 10.5 kev. (28) 


Here we have assumed that I-s contributes the factor 
—} appropriate to a *P of maximum symmetry, and 
have put g/2=2.78, o=1.35. 

For completeness, one should also take into account 
the electrostatic Thomas term, as has been suggested 
privately by Professor Gregory Breit, but it merely has 
the effect of reducing (28) by a fraction 1/g of itself, 
which we neglect. It is absent in Be’. 

This calculation by use of (1a) ignores exchange. 
Actually, there is, in addition, a small exchange term 
of opposite sign corresponding to the reduced prob- 
ability that the s and # protons with parallel spin find 
themselves close together, the nuclear wave function 
tending to be antisymmetrical in their space coor- 
dinates. This exchange term appears to be of the order 
of magnitude 10 percent of the direct term (for a~4 
in (1)), so it is not very significant in the comparison 
with experiment in view of the other uncertainties in 
the calculation and is here neglected, but it is considered 
that its evaluation both in the s—p and the p-shell cases 
might merit further investigation at a later time. 

In Be’ the calculation of the magnetic spin-orbit 
coupling is essentially more complicated than in Li’ 
because in this case there are four protons, rather than 
just two “other” protons, to give rise to the field at 
the neutron, and two of them are p-protons having an 
angular correlation with the neutron’s position rather 
than the spherical symmetry which allows one in the 
s—p case to use the simplicity of the electrostatic poten- 
tial of a spherical shell. We may think of the correlation 
as having two aspects (though it is not clear that they 
would be separately calculable): first, a geometrical 
“flattening” of the mass distribution corresponding to 
the composition of the three vectors | into L=1 and 
second, an increased probability that the -neutron finds 
itself close to one of the p-protons because of the sym- 
metry of the nuclear wave function in the space coordin- 
ates of these three nucleons. Both effects are expected to 
increase the calculated coupling. Neglecting them, we 
estimate the p-shell contribution to the spin-orbit 
coupling of Be’, by use of (13) and (1a) with a spheri- 


cally symmetric p-shell, to be 


(h® ge®/2M?c*)(2/3)(24)—*(ao)#(1/2) 
= 0.00235(¢/2)o4me = — 3.6 kev, 


with the same substitutions again, except }g=—1.91. 
This together with the s-p contribution, which from 
(28) is just twice as great, gives for the magnetic 
splitting in Be’, En, pe= —10.8 kev. In this treatment 
the Li’ and Be’ splittings are almost equal in absolute 
magnitude. This ratio is not the same as in the droplet 
model because in the oscillator treatment the added 
p-protons in Be’ are only half as effective as the more 
centrally clustered s-protons, an effect reminiscent of 
the partial self-shielding of electron shells in atoms. The 
magnetic contribution to the Li’—Be’ difference as 
thus estimated is 21.3 kev, only about half of the 
estimate made with the rougher uniform-droplet model. 
Only the small contribution (29) would be expected to 
be increased by inclusion of exchange and angular cor- 
relations in the calculation, and this by probably not 
more than about 2 kev. Any such increase is at least 
partly compensated by the corresponding decrease in 
the s—p contribution. Even if exchange were taken into 
account, we would thus expect our best estimate of the 
Li’— Be’ difference based on these premises, with the 
expansion term included, to be rather close to 21.3 kev 
+9.7 kev=31 kev, to be compared with the experi- 
mental difference 45 kev+4 kev. 


(29) 


VI. DISCUSSION 


The magnetic term estimated with the oscillator 
functions is thus too small to give agreement with the 
observed difference of 45 kev even when augmented by 
the expansion term (26). Among the possible short- 
comings of the calculation or initial assumptions, which 
might be responsible for the discrepancy, are (a) the 
nuclear size parameter given by the fit to the binding 
energy may be too large; (b) the phenomenological 
treatment of the saturation properties of the interac- 
tions may make the nucleus too stiff; (c) the states 
discussed may be more complicated than the *P with 
maximum space symmetry having a factor $ in the 
spin-orbit coupling ; (d) higher order perturbations may 
make a direct contribution to the difference of excita- 
tion energies by depressing one *P state more than the 
other. These we discuss in order. 

(a) The nuclear size parameter may be adjudged also 
by its success in accounting for the coulomb energy dif- 
ference between isobars, since one is prone to assume 
an otherwise symmetrical hamiltonian. In fact, this 
criterion has provided one of the principal justifications 
for taking the density of heavy nuclei to apply approxi- 
mately also to light nuclei. The Be?7—Li’ coulomb 
energy difference given by the oscillator calculation, 
from (23) with o=1.35, is 1.72. Mev, only about 5 
percent greater than the experimental value of 1.645 
Mev, known from the Li’(p,)Be’ threshold. This 
agreement is rather impressive as nuclear physics goes, 
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since no special parameter was introduced to bring it 
about. An increase of nuclear size is required to bring 
about more exact agreement with the coulomb energy, 
whereas a smaller nucleus is required to make the mag- 


netic spin-orbit coupling strong enough. A decrease of - 


radius by about 19 (or at least 15 percent) is needed to 
bring about agreement with the experimental difference 
45 kev (or at least 41 kev) and this would increase the 
calculated coulomb difference to 2.05 Mev (or at least 
1.98 Mev). (The cruder droplet model, which gives 
large enough spin-orbit coupling, gives a colomb dif- 
ference of 1.93 Mev.) It thus seems unlikely that the 
nuclei can be small enough to make a sufficiently strong 
magnetic spin-orbit coupling. 

(6) The introduction of a Majorana interaction with 
a gaussian radial dependence must be recognized as a 
rather desperate attempt to represent a phenomenon 
about which we know very little, the nuclear saturation 
mechanism. We have seen in the discussion of Fig. 1 
that the stiffness comes about as a balance between the 
curvature of the kinetic energy and of the potential 
energy when plotted as a function of nuclear size, o~}. 
If instead we consider T(c) and V(c), functions of o 
itself, the curvature comes entirely from V(c). The 
factor (¢/7)! in (18), for example, is characteristic of the 
gaussian radial dependence introduced for mathe- 
matical convenience, and the other factor is charac- 
teristic also of the exchange operator. While these two 
assumptions give a rather good account of some sig- 
nificant nuclear phenomena, it is not inconceivable that 
the mesonic calculation which they are intended to 
approximate would in effect reduce the curvature of 
V(c) by about a factor two, which would make the 
expansion term about equal to the magnetic con- 
tribution and bring about agreement. 

(c) Apart from the success of the simple exchange 
interactions” (along with the accepted sign of nucleon 
spin-orbit coupling)‘ in accounting for the spins of the 
p-shell nuclei, the main bits of evidence for the inter- 
pretation of the low *P in Li’ as the simple one of 
maximum space symmetry are (1) the remarkable 
isolation of this doublet—the lack of other low excited 
states**—and (2) the need for the factor 4 in the main 
term of the spin-orbit coupling in order to make the 
small splitting in Li’ and Be? compatible with the large 
doublet splittings in heavy nuclei. The isolation of the 
ground doublet is a result of the symmetry with any 
attractive two-nucleon interactions. There are two 
other *P of lower symmetry in the ground configuration 
s‘p®. In general, an admixture of higher multiplets 
would depress the two states of the ground doublet by 
different amounts and thus contribute directly to the 
splitting as discussed in (d), but certain interactions not 
containing spin-orbit coupling could admix the higher 


*W. W. Buechner and E. N. Strait, Phys. Rev. 76, 1547 


Rev. 78, 68 (1950); S. S. Hanna and 
Phys. Soc. 26, 1, C3 (1951); G. R. 
768 (1950). 


(1949); D. R. Inglis, Phys. 
R. W. Gelinas, Bull. Am. 
Keepin, Jr., Phys. Rev. 80, 
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doublets ?P without doing this. A strong admixture 
would lower the symmetry of the ground doublet and 
by altering the factor 4 might increase the magnetic 
term enough to bring about agreement with the 
Li’— Be?’ difference. Mixtures, in general, are expected 
to remove the isolation of the ground doublet by com- 
plicating the spectrum,” but such a special admixture 
might not—considered as a second-order perturbation 
it would depress the ground doublet, perhaps more 
than the next *F because there is only one ?F in the 
configuration. 

Interpretation of the ground doublet as a simple ?P 
state of maximum symmetry requires that one ignore 
evidence for the positive quadrupole moment Q of Li’ 
deduced from careful measurements of gQ by Kusch* 
on the basis of uncertain estimates of the molecular 
coupling constant g. If, instead, we should accept the 
positive quadrupole moment, it might be due to an 
admixture of states of maximum symmetry from other 
configurations,”’ in which case some modification of the 
present interpretation of the Li’— Be’ difference might 
apply, or it might be due to an admixture of states of 
other symmetries from the ground configuration,”* in 
which case the two low states would be so complex that 
nothing could be said at present about the expected 
sign and order of magnitude of the Li’— Be’ difference. 
In either case, enormous admixtures of higher states are 
needed to obtain a positive quadrupole moment of 
reasonable magnitude (mostly ?P from the configura- 
tions p*p’ and pf with only 12 percent left of the ground 
configuration p* is suggested in reference 27, and mostly 
states of lower symmetries with only 6 percent from the 
°P of maximum symmetry is suggested in reference 28), 
so large as to seem completely incompatible with any 
vestigial validity of a nuclear shell model with its 
single-nucleon first approximation which has been so 
useful, particularly in heavier nuclei. If the quadrupole 
moment really should be proved to be positive, perhaps 
the most reasonable evaluation of the situation would 
be as follows: Li’ and Be’, although particularly light, 
might be particularly complex (rather than simple as 
has been thought) because the field of the s-shell core is 
not of an appropriate shape to define the p-shell. The 
shell structure might thus develop again toward the 
end of the p-shell and be increasingly valid for heavier 
nuclei because of a tendency of the larger number of 
particles to approximate a nuclear fluid with the 
square-well potential of the droplet model. This could 
leave Li’ and Be’ with strong configuration inter- 
action, perhaps still symmetrical between them, and 
with a ground state *P split at least partly by the same 
Hz responsible for (jj) coupling in heavy nuclei. The 
sign of the magnetic contribution to the Li’— Be’ dif- 
ference would remain unchanged and it would in most 


%H. H. Hummel and D. R. Inglis, Phys. Rev. 81, 910 (1951). 
26 P. Kusch, Phys. Rev. 76, 138 (1949). 

27 R. D. Present, Phys. Rev. 80, 43 (1950). 

28R. Avery and C. H. Blanchard, Phys. Rev. 78, 704 (1950). 
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possibilities be larger because of an increase of the 
factor } in (10). The present estimate of. the expansion 
term could also retain some significance. Through the 
middle of the p-shell would be found nuclei of a com- 
plexity compatible with the rather dense spectra of low 
states observed, in which some of the agreement of 
nuclear spins with simple models might be fortuitous 
or might be significant in the manner discussed for Li’. 
This interpretation based on the possibility of a positive 
Q seems so complicated, when compared to the empirical 
success of a much simpler theory, that one is reluctant 
to accept it until the determination of the relevant q¢ 
can be based on more reliable molecular (or atomic) 
electron distributions than are available at present. 

(d) As an alternative to a theory of spin-orbit 
coupling based on the introduction of a term such as 
(1) into the hamiltonian, Feingold and Wigner* have 
proposed that the tensor interaction responsible for the 
deuteron quadrupole moment has the effect of admixing 
excited states by a different amount in the two states 
of the ground doublet, depressing the ?P; more than the 
°*P; if excited configurations are taken into account, 
vice versa with the p* configuration only. In spite of the 
possible complexity of such effects, Feingold and 
Wigner suggest the preponderance of the matrix ele- 
ments of single-nucleon excitations as a reason for con- 
sidering this mainly a single-nucleon effect, so that it 
might not only apply to these light nuclei but also be a 
source of apparent (jj) coupling in heavy nuclei. With 
such a complicated mechanism one might expect that 
almost anything could happen, but the simplest guess 
concerning the Li’—Be’ difference gives the wrong 
sign. The more compact low states of Be’ are raised 
more by the extra coulomb energy than are the highly 
excited states, so the “‘resonance denominators” of the 
second-order perturbation theory are smaller in Be’ 
than in Li’, which tends to make the splitting greater in 
Be’. If this effect and possibly any contrary effects 
among the matrix elements could merely be shown to 
be small, we would again have the correct sign and 
order of magnitude given by the magnetic term, which 
is present also with this mechanism. The present inves- 
tigation is an exploration, but is thus not necessarily a 
criterion, of the possibility (and hope) that a simpler 
mechanism is mainly responsible for the phenomena 
considered and that the second-order perturbations 
play only a secondary role. The judgment must be 
reached by comparison of successes and failures in a 
number of nuclei, of which Li’ and Be’ are among the 
lightest and perhaps among the simplest. 


VII. COMPARISON WITH OTHER NUCLEI 


That second-order effects are playing a considerable 
role is suggested by the failure to find a consistent indi- 
cation of the magnitude of spin-orbit coupling among 
the various nuclei. Such a comparison involves aver- 
aging the expression (1/r)(dV/dr) for various nuclei, 
and the method used by Gaus, which places the entire 
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TABLE II. Comparison of single-nucleon doublet splittings 
according to two simple estimates. 








Nucleus 


Heé Li? 





1 1 


N 
E~(l+4)A* 1.68 
E~i(l+4)+0DA~“** 2.11 
E “observed’’* 3 


(1.35) 0.8 
(1.35) 0.49 
(1.35) 5.3 





*R. K. Adair, Phys. Rev. 81, 310 (1950) (He5); R. E. Malm and W. W. 
Buechner, Phys. Rev. 78, 337 (1950) (N"); see reference 6. 





increment AV in a thin surface layer, gives a doublet 
splitting varying as (/+-4)/R?, or (+4)A74, as we have 
seen. This neglects the tendency for nucleons with large 
angular momentum to be concentrated toward the 
outside, a tendency which is taken into account in an 
extreme fashion in the estimate which uses the cen- 
tripetal-acceleration relation 


(dV /dr) =1(1+-1)h?/Mr'. (30) 


This, when applied to the relevant wave functions 
with no radial nodes which correspond roughly to cir- 
cular orbits with radii approximating the nuclear 
radius, gives a doublet splitting proportional to 
ll+4)(+1)A-“*. The comparison of a few typical 
nuclei made in Table II is based on the assumption 
that the contribution of the main term H, to Li’ and 
Be’ is 450 kev and that the single-nucleon splitting is 
three times this, 1.35 Mev. The single-nucleon splittings 
expected from both modes of variation are listed. If the 
true variation lies between the two estimates, then an 
increase of the doublet splittings by about 50 percent 
is needed to obtain agreement with the roughly known 
needs of He® and the heavy nuclei. The simplest way to 
obtain this would be to assume that second-order effects 
reduce the doublet splitting in Li’ (this is the sign of 
contributions” from the ground configuration s*p*) by 
this amount without much affecting the Li’— Be’ dif- 
ference, and that second-order effects are relatively 
unimportant in He® because of its paucity of excited 
states (stability of the alpha) and‘in heavy nuclei for 
some unknown reason (such a similarity to a degenerate 
electron gas in a metal) contributing to the success of 
the (jj) coupling shell model. This leaves the lack of 
states in N” between the ground state and 5.3 Mev as 
an enigma, perhaps associated with a growing validity 
of the shell model as one gets up to this and heavier 
nuclei. It may be that almost-closed-shell nuclei are 
both exceptionally compact and have exceptionally 
large nucleon affinity (or, as in the discussion of Gaus, 
“meson affinity”) AV, making an unusually large spin- 
orbit coupling which could also contribute to the sharp- 
ness of the ‘magic numbers.” 

I wish to thank Professor William A. Fowler and his 
associates at the California Institute of Technology for 
suggesting the preparation of this discussion to ac- 
company their paper, and for constructive criticism of 
the manuscript. 
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Monoenergetic neutrons of energy 27.2 Mev were produced by 10-Mev deuterons incident on a gaseous 
tritium target. Protons recoiling from the neutrons were observed in a fourfold coincidence proportional 
counter telescope. The angular distribution of neutrons scattered through angles in the range from 180° to 
76° in the CM system was measured. The observed ratio of scattering at 180° to that at 90° was 1.28+0.10. 





I. INTRODUCTION 


T is thought that experimental study of the scattering 
of neutrons by protons will yield fruitful information 
about the nature of nuclear forces. For neutrons having 
an energy of 14 Mev or less, measurements!” indicate 
that the scattering is isotropic in the center-of-mass 
system, though the accuracy of the experiments does 
not preclude the possibility of there being a 5 percent 
anisotropy. For 40- and 90-Mev neutrons, however, the 
experiments indicate a definite anisotropy with a mini- 
mum in the intensity of scattering at 90° and approxi- 
mate symmetry around 90° over the angular region 
investigated.** In the present experiment, the scat- 
tering of 27.2-Mev neutrons has been studied by obser- 
vation of the recoil protons emerging from a hydrogenous 
radiator into a fourfold coincidence counter telescope. 
A preliminary report of the results of this investigation 
has been given previously.® 


Il. EXPERIMENT 


For the present measurements neutrons were pro- 
duced by the reaction 


D+T*=Het+n+17.6 Mev. 


Deuterons, accelerated by the cyclotron, entered a 
tritium-filled gas target cell (Fig. 1), and the neutrons 
emitted in the forward direction were used. The cyclo- 
tron beam was brought to a focus by a wedge-shaped 
magnet and limited by a series of circular apertures to 
an angular divergence of +0.5°. The region in which the 
experiment was performed was 15 feet from the cyclo- 
tron exit port and was shielded from the cyclotron by 
a wall of water and paraffin three feet thick.* After 
passing through a 0.952-cm diameter hole in a gold 
diaphragm, the beam entered the target cell through a 
dural window of thickness 15.6 mg/cm*. The gas cell 
was filled to a pressure of 4.2 atmos with a mixture of 
83 percent tritium and 17 percent hydrogen gas. After 


* Work done under the auspices of the AEC. 

' J. S. Laughlin and P. G. Kruger, Phys. Rev. 73, 197 (1948). 

*H. H. Barschall and R. F. Taschek, Phys. Rev. 75, 1819 
(1949). 

* Hadley, Kelly, Leith, Segré, Wiegand, and York, Phys. Rev. 
75, 351 (1949). 

‘ Brueckner, Hartsough, Hayward, and Powell, Phys. Rev. 75, 
555 (1949). 

* Brolley, Coon, and Fowler, Phys. Rev. 79, 227 (1950). 

6 Curtis, Fowler, and Rosen, Rev. Sci. Instr. 20, 388 (1949). 


passing through the target gas, the beam was stopped 
by a gold disk to minimize neutron background. Ac- 
curate alignment of the axis of the gas cell with the 
direction of the beam was accomplished by use of a 
similar cell with a transparent end, so that the position 
of the beam could be determined by burning photo- 
graphic film. Relative neutron yield was monitored by 
integrating the deuteron beam current (0.2 to 1 wamp). 
Handling of the tritium gas was facilitated by using a 
small stainless steel vessel containing uranium, in which 
the tritium was absorbed whenever it was desirable to 
empty the target cell. Tritium was evolved from the 
uranium by heating. 

Prior to the installation of the gas target, the energy 
of the cyclotron beam was measured to be 11.0+0.2 
Mev by deflection in a magnetic field.6 During the 
course of the experiment the energy of the neutrons 
produced both by the D-D reaction and the D-T re- 
action was measured by determining aluminum absorp- 
tion curves for the recoil protons. The results of these 
measurements agreed with the conclusion that the 
incident deuteron energy was 11.0 Mev within the 
precision of the data (about 4 percent). 

Principally because of the loss of energy of the deu- 
terons in passing through the tritium gas, the neutrons 
were not strictly monoenergetic. After penetrating the 
dural window, the deuterons had an energy of 10.1 Mev. 
The average deuteron energy in the tritium target was 
9.76 Mev, with a maximum spread in energy of about 
0.8 Mev. If one uses 17.6 Mev for the reaction energy, 
it follows that the energy of the 0° neutrons from the 
D-T reaction was 27.2+0.6 Mev, where the +0.6 Mev 
includes the effect of the uncertainty in deuteron energy, 
and the neutron energy spread resulting from target 
thickness. 

The proportional counter telescope and recording 
system was a modification of the type used for the deter- 
mination of the angular distribution of 14-Mev neutrons 
scattered by protons.’ Proton recoils were produced in 
polyethylene foils mounted in the counter telescope 
shown in Fig. 1. These foils had a total thickness of 
45.9 mg/cm? and an exposed diameter of 1.613 cm. The 
recoil protons passed through four platinum-lined 
proportional counters. At the end of the third counter 
the recoil protons passed through a 7 mg/cm? Dural 
window into a 3.0-cm air gap in which could be inserted 
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aluminum absorbers, and then through a second 7 
mg/cm? Dural window into the fourth proportional 
counter. For each angular setting of the counter tele- 
scope a thickness of aluminum absorber was used 
(column 2, Table IT) such that the lowest energy recoil 
proton had sufficient residual range to pass through the 
fourth counter. The purpose of the aluminum absorbers 
was to reduce the number of background coincidence 
counts and to increase the height of pulses originating 
in the fourth counter. In choosing the aluminum ab- 
sorber thickness, allowance was made for errors in deter- 
mining proton energy and for straggling in range. The 
counters were filled with 0.40 atmos argon containing 
approximately 2 percent CO:. Ionization pulses pro- 
duced in the counters were amplified by Los Alamos 
Model 500 amplifiers with a rise time of about 0.1 usec 
and RC clipping time constant of 0.2 usec. The am- 
plifiers drove discriminators, from which the pulses 
were fed into a coincidence circuit which recorded coin- 
cidences between the first three channels as well as 
coincidences between all four channels. Each dis- 
criminator also drove a scaler to ascertain the number 
of counts in each channel. To facilitate background de- 
terminations the platinum holder which held the 
polyethylene foil could be rotated to expose the back 
side, on which was mounted a disk: of graphite con- 
taining the same amount of carbon as was contained in 
the polyethylene radiator. 

Since the energy loss of the recoil protons in a single 
counter was in some instances only 40 kev, special care 
was required to ascertain at what level the pulse-height 
discriminators should be set. A preliminary set of 
measurements was made to determine ‘the dependence 
of coincidence counting rate on the bias setting in each 
channel. To obtain these bias curves, all the biases were 
set (by trial and error) sufficiently low to detect recoil 
protons, and the number of quadruple coincidence 
counts per ncoulomb of beam charge was observed as a 
function of bias setting in one channel. This procedure 
was repeated for each of the four channels, and was done 
with the counter telescope set to receive protons re- 
coiling at 0° and at 45°. The subsequent operating bias 
setting for each channel was selected to be approxi- 
mately 25 percent below the end of the bias curve 
plateau. For taking data at intermediate angles, the 
operating biases were selected by means of a linear 
interpolation between the values determined for 0° and 
45°. For 52° the same settings were used as for 45°. In 
order to reproduce bias settings from day to day, a 
small gamma-ray source was placed next to a counter 
in a reproducible position, and the counting rate used 
as an indication of a change in bias. 

Two series of neutron-proton scattering measure- 
ments were made: one with the center of the poly- 
ethylene radiator at a distance of 14.7 cm from the 
center of the tritium target (“near geometry”), and the 
other in which the radiator was 38.8 cm from the center 
of the tritium target (‘far geometry’’). To detect 
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Fic. 1. Target and fourfold coincidence counter telescope. The 
tritium target cell is shown attached to the port through which 
the deuteron beam emerges. The polyethylene radiator in the 
counter telescope receives neutrons emerging from the target in 
the forward direction. 


protons at different angles, the counter telescope was 
mounted to rotate about a vertical axis through the 
polyethylene foil. The plane of the foil was maintained 
perpendicular to the axis of the telescope. During the 
first series of runs (“near geometry’), proton recoils 
were counted at angles of 0, 15, 30, and 45 degrees in 
the laboratory system. In the second series of runs (“far 
geometry”), measurements were made at 0, 15, 30, 
37.5, 45 and 52 degrees. For a given angular setting, the 
coincidence count per ucoulomb of deuteron current was 
determined for a variety of conditions as tabulated in 
Table I. As is indicated in this table, run (a) measured 
the number Rr, of proton recoils produced in the 
polyethylene radiator by the D-T neutrons, together 
with certain background effects which could be evalu- 
ated from runs (b), (c), (d), and (e). The aluminum 
absorber used in run (b) was sufficient to absorb all 
protons, whether recoiling from neutrons or originating 
from (n,p) disintegrations. Therefore, th= counts ob- 
served in run (b) were due to accidental coincidences 
between triple coincidence counts (real or accidental) in 
the first three counters and single pulses in the fourth 
counter. The resolving time (approximately 0.5 usec) 
calculated from the observed number of accidentals was 
used to calculate the number of accidental coincidences 
to be subtracted as background from runs (a), (c), (d), 
and (e). The results of run (e) indicated that in every 
case Dy was a negligible background of less than 
one-half percent. By reference to Table I, one can con- 
clude therefore that the desired quantity Rr is obtained 
by a subtraction of the sum of runs (c) and (d) from 
run (a). The magnitude of these background corrections 


TABLE I. Operating conditions under which coincidence counts 
were recorded. 








Number of coin- 
cidence counts of 
specified origin® 


Rr+Rat+Dr+Dn 
only accidentals 


Aluminum 
Radiator absor 


(a) CH: see Table IT 
(b) CH: 1.10 g/cm? 
(c) Cc see Table IT Dr+Duz 
(d) CH; see Table IT Rat+Duz 
(e) Cc see Table II Dua 


Run 


type Target 











®*Rr es protons recoiling from D-T neutrons and originating 

int 2 

Dr=number of disintegration protons arising from (#,p) reactions 
induced by D-T neutrons. 

Ry =number of protons recoiling from background neutrons and 
originating in the CH:. 

Dy =number of disintegration protons arising from (,p) reactions 
induced by background neutrons 
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TABLE II. Angular distribution data and average corrections. 
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Percentage correction applied to 
uncorrected values 


Thickness of 
Al absorber 
including 


Average for Average 
accidental for 
windows coincidences, counting 
g/cm? losses 
(2) 3 (4) 


Lab angle for 
recoil proton 


Near geometry 
0 


+38.4 
+25.0 
+14.2 

+7.9 


0.70 
15 0.43 
30 0.18 
45 0.027 


—5.5 
—64 
—1.6 


Far geometry 
y +16.7 
+11.2 
+7.4 
+7.6 
+2.6 
+11.7 
+2.9 


—6.5 
—6.0 
—3.8 
—2.5 
—0.6 
—2.5 
—0.4 


0.70 
0.43 
0.25 
0.15 
0.055 
0.055 
0.014 


oue 


a 


(0° bias 


CH sb be Ge Ge 


Nous 


is given in Table II, columns 3, 5, and 6. The tabulated 
number is an average of the corrections applied to 
individual runs and represents the average percentage 
of the uncorrected value applied as correction. 

Counting losses occurred because of the short but 
finite recovery time of the pulse shaping circuits and 
because of the high counting rate which in some cases 
was as high as 2X10* per sec per channel. The back- 
ground pulses were due to argon recoils from the D-T 
neutrons, argon recoils from background neutrons, 
gamma-rays, etc. To make it possible to correct for 
losses, “‘near geometry” data were taken with various 
values of cyclotron beam current. The true coincidence 
count Q, which would occur in the absence of losses, is 
related to the observed coincidence count Q’, by the 
formula 


0=0'/(1—r3), 


where 7 is the average recovery time and > is the sum 
of the counting rates in the four channels. According to 
this relation a plot of Q’ versus = will yield a straight 
line with Q’=Q at ==0. “Near geometry” data were 
plotted in this way and a graphical extrapolation made 
to determine the corrected coincidence count. 

When a complete set of data at the ‘‘near geometry” 
position had been obtained, the counters were moved to 
the ‘far geometry” position to improve the angular 
resolution and also to increase the angular range over 
which measurements could be made. Correction of “far 
geometry” data for the relatively small counting losses 
was done by extrapolation to zero counting rate with 
the same slope as determined from the “near geometry” 
data. The average counting loss corrections are listed 
in Table II, column 4. Because of variation in beam 
current, corrections for counting losses as well as cor- 
rections for accidental coincidences varied by a factor 
of three for different runs. After these corrections were 
applied, however, data taken at different times were 
consistent within the standard deviation expected to 


Background 
Dr, from 
run (c) 
(5) 6) 7) 


Corrected number of quadruples 
per microcoulomb 


Near 
geometry 
normalized to 
far geometry 
(8) 


Background 
a, from Un-normalized 
run (d) data 


0.517+0.017 
0.507+0.013 
0.403+0.013 
0.287+0.010 


4.03+0.13 
3.95+0.10 
3.14+0.10 
2.24+0.08 


0.516+0.017 
0.469+0.019 
0.38340.017 
0.341+0.020 
0.273+0.020 
0.27640.034 
0.246+0.015 


arise from the statistics of counting, from random errors 
in beam measurement, and from fluctuations of the 
number of target atoms in the gas cell which was fre- 
quently emptied and refilled. 

It seemed advisable to check on the possibility of 
systematic error being introduced by the method of bias 
setting, since the. biases were changed with angle in a 
systematic way in order to minimize backgrounds. For 
this reason data were taken at 45° with the bias settings 
normally used for 0° runs. As is indicated in Table II, 
the data taken in this fashion agreed quite well with 
the data taken using normal biases. This result also 
furnished evidence that the counting loss corrections 
were applied correctly, since the counting loss for the 
lower bias settings was 4.5 times that for the higher bias 
settings. 

To avoid the possibility of the data being affected by 
long time drifts in the characteristics of the apparaus, 
relatively short runs (long enough to obtain about 100 
quadruple coincidence counts) were taken at a given 
angular setting, whence the angle was changed to a new 
value selected at random. This procedure was con- 
tinued until about 1000 counts were accumulated at 
each angle. When the final data were assembled for this 
series of runs, which occurred over a period of six weeks, 
no systematic trend of the values for a given angular 
setting could be discerned. The results of separate runs 
at a given angle varied around their mean in approxi- 
mately a gaussian distribution. The standard errors 
were slightly larger than the statistical errors, which is 
to be expected because of errors in beam measurement, 
variation in gas target density, etc. 

A measurement of the efficiency of the detector 
system was performed by using 14-Mev D-T neutrons 
from the Los Alamos Cockcroft-Walton accelerator, 
from which the neutron flux is known approximately. 
The efficiency so measured was in agreement with that 
calculated from the known geometry of the detector 
and the n-p total scattering cross section value of Ageno 





NEUTRON 


el al.’ The purpose of this measurement was to increase 
confidence that the behavior of the apparatus was well 
understood. 

A minor correction was applied to account for mul- 
tiple Rutherford scattering* of protons in the aluminum 
absorbers inserted between the third and fourth 
counters. An approximate calculation of the effect intro- 
duced a maximum correction of 1.3 percent. The method 
of calculation was checked experimentally, by use of 
the Cockcroft-Walton 14-Mev neutron source. For this 
check recoil protons were counted under conditions such 
that the Rutherford scattering was negligible; i.e., no 
scattering medium was present except the counter gas 
and the polyethylene radiator. Data were also taken 
with an aluminum absorber between the second and 
third counters under conditions such that the observed 
quadruple coincidence count was reduced by 18+4 
percent. The approximate calculation applied to this 
case gave a reduction of 20 percent in agreement with 
the measurement. 


III. RESULTS AND CONCLUSIONS 


Table II gives a summary of results. The final cor- 
rected number of proton recoils is tabulated in column 7. 
The “near geometry” data are normalized to the “far 
geometry”’ data by the ratio of solid angles (0.1283) and 
are given in column 8. Tabulated errors represent the 
standard errors as calculated from the deviation of the 
different runs from the mean. In Fig. 2 these data, 
converted to the center-of-mass system (small effects 
of relativity are included), are plotted as a function of 
the angle of scattering of the neutron in the center-of- 
mass system. The vertical spread indicated on the 
plotted points is standard error. The horizontal spread 
indicated on the plot defines an angular range such that 
about 70 percent of the detected recoil protons appeared 
within this range. An experimental curve through the 
points has been drawn assuming symmetry around 90° 
as suggested by data at 40 and 90 Mev.’ Only relative 
values of the differential cross section as a function of 
angle were measured in this experiment. However, 
with the assumption of symmetry about 90°, the data 
in Fig. 2 can be normalized so that integration over all 
angles gives the total cross section. A smooth curve 
through the experimental values of the total cross 
section as a function of energy gives a value’ of 0.36 
barn at 27 Mev. The differential cross section deter- 
mined by means of this normalization is 32 mb per unit 
solid angle at 180° and 25 mb at 90°. For the ratio of the 
scattering at 180° to that at 90°, the present experi- 
ment yields a value of 1.28 with an over-all estimated 
ne Amaldi, Bocciarelli, and Trabacchi, Phys. Rev. 71, 20 
( 4). 


8H. S. Snyder and W. T. Scott, Phys. Rev. 76, 220 (1949). 
* Robert K. Adair, Revs. Modern Phys. 22, 249 (1950). 
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Fic. 2. Relative intensity of scattered neutrons versus angle of 
scattering of the neutron in the center-of-mass system. Standard 
errors are indicated by the vertical height of the symbols, while 
instrumental angular resolution is indicated by the width of the 
symbols. 


error of +8 percent. Of this error, 4 percent is the 
computed standard error, and the remaining 4 percent 
is a guess as to the systematic uncertainties arising from 
error in bias setting, Rutherford scattering, counting 
loss corrections, etc. 

The dashed curve shown in Fig. 2 is calculated in the 
manner of Christian and Hart" using a Yukawa poten- 
tial with a range of 1.35X10~— cm and with inclusion 
of a tensor force. Comparison of this theory to experi- 
mental data at 40 and 90 Mev is shown in Fig. 17 of 
reference 10. At 40 Mev this theory predicts the ratio 
at 180° to that at 90° to be 1.45, which is in fair agree- 
ment with, though less than, the experimental value 
of 1.55+0.2 measured by Hadley ef al.* At 27.2 Mev 
the theory predicts a value of 1.15 which is also less 
than the experimental value of 1.28+0.10. 

We wish to acknowledge the contribution of Dr. R. S. 
Christian of the University of California Radiation 
Laboratory who has made the theoretical calculations 
reported here. We wish also to acknowledge the as- 
sistance of H. T. Gittings, Jr., and R. J. Watts in 
connection with the electronic problems and the aid of 
R. M. Potter in handling the tritium. Thanks also are 
due to Dr. H. H. Barschall for his interest in this 
problem and his suggestions with regard to the prepa- 
ration of this paper. 
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A method, due to Breit, of generalizing phenomenological nuclear interactions to give a relativistically 
invariant cross section in the first Born approximation, has been extended to apply to a broad class of 
nonrelativistic interactions; namely, those containing isotopic spin operators and any kind of Pauli spin 
and space dependence. A procedure is given for obtaining an equivalent Pauli operator for the Dirac 
operators so obtained, which reduces the calculation of the relativistic cross section (in the first Born 
approximation), formally, to a nonrelativistic calculation. The cross section is then obtained in a form in 
which the relativistic corrections are explicitly split off from the nonrelativistic terms. 

The method is applied to the symmetric-exchange interaction with tensor forces. The form of the rela- 
tivistic interaction is not uniquely determined by that of the nonrelativistic one, but a number of the more 
conservative possibilities are investigated. The corrections to the 90-Mev n- scattering thus obtained are 
analyzed in relation to the data. The possibility of exploiting these corrections to adjust the theory to experi- 


ment is discussed. 


I. INTRODUCTION AND DISCUSSION OF RESULTS 


HE symmetric exchange postulate for the nucleon- 
nucleon interaction was seriously discredited by 

the 90-Mev neutron-proton scattering experiments of 
Segré and his co-workers.’ It was shown by Christian 
and Hart? that the angular distribution of the 90-Mev 
cross section is incompatible with the relatively large 
proportion of space exchange in the symmetric exchange 
factor $(@1-@2)(t1°%2) if the scattering is treated on a 
nonrelativistic basis. On the other hand, the symmetric 
exchange is an attractive theoretical concept because it 
accounts for the saturation of nuclear binding energies 
and embodies the charge symmetry of nuclear forces 
(which is at least approximately demonstrable at low 
energies). This is probably not the case* with the half- 
exchange, half-ordinary force found by Christian and 
Hart to give the best fit of the 90-Mev scattering results. 
The true explanation of nuclear saturation is of 
course not necessarily to be found entirely in an 
exchange effect in the two-nucleon interaction. It may 
originate in some part from many-body forces, for 
example, or the nucleon-nucleon interaction may not 
be expressible by a quantum-mechanical potential 
operator at all. Nevertheless, one is not yet compelled 
to abandon the two-body force as the phenomeno- 
logical interaction. Specifically, one might suppose that 
the nonrelativistic interaction is something similar to 
the symmetric exchange interaction, correct at non- 
relativistic energies, and explaining saturation. The 
90-Mev scattering would then deviate from that pre- 
dicted by this interaction through effects that become 
important only at appreciably relativistic energies. 
(Reconciling the symmetric exchange theory with the 


* Supported in part by the joint program of the ONR and AEC. 

+ During the writing of this paper the author was at Worcester 
Polytechnic Institute, Worcester, Massachusetts. Present address : 
Boston University, Boston, Massachusetts. 

1 Hadley, Kelley, Leith, Segré, Wiegand, and York, Phys. Rev. 
75, 351 (1949). 

?R. S. Christian and E. W. Hart, — Rev. 77, 441 (1950). 

3 E. Gerjuoy, Phys. Rev. 77, 568 (1950). 


deviations from charge equivalence shown by the 
32-Mev p-p scattering‘ might, of course, require addi- 
tional postulates). 

That such a point of view is not necessarily incom- 
patible with at least the meson theory of nuclear forces 
is shown by the field theory calculations of Watson and 
Lepore. A priori, the main objection to attributing the 
deviations from the scattering results to relativistic 
corrections alone is that the deviations are too large®* 
compared with the nominal figure of 5 percent at 90 Mev 
obtained by assuming the magnitude of such corrections 
to be v*/c* times the nonrelativistic cross section.’ In 
contrast with this, Watson and Lepore find relativistic 
contributions of the order of magnitude of the non- 
relativistic cross section itself. There seems to be 
nothing, therefore, in current theory that rules out the 
possibility of relativistic corrections much greater than 
the nominal v*/c’. 

In the present paper the relativistic corrections ob- 
tainable with symmetric exchange are investigated 
from a phenomenological point of view. The cross 
section in the Born approximation is generalized to a 
relativistically covariant form. The interaction potential 
is a Dirac operator, whose matrix elements are required 
to fit those of the nonrelativistic interaction at low 
energies. (Two phenomenologically adjusted nonrela- 
tivistic interactions are used, a square well, and a 
Yukawa well). The low energy fitting requirement does 
not yield a unique Dirac interaction operator. The cor- 
rections to the cross section obtained by utilizing 
several of the more conservative possibilities allowed by 
this non-uniqueness have been calculated. Each appears 
as a function that can be added to the differential cross 
section with a more or less arbitrary multiplicative 
coefficient. We say “more or less arbitrary” for the 

4H. P. Noyes, Phys. Rev. 78, 90 (1950). 

‘KK. M. Watson and J. V. Lepore, Phys. Rev. 76, 1157 (1949). 

6s 46 percent of the theoretica value with respect to total cross 
section, using the square well with Rarita-Schwinger constants, 


or 21 percent with a Yukawa well (Born approximation triplet, 
exact singlet). See Table IT, and Section VII of this paper. 
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following reason. Each such coefficient appears in the 
Dirac interaction potential as the multiplier of a term 
whose matrix elements are of order v*/c* compared to 
the leading term (the latter has matrix elements of 
zero order, which reduce to those of the nonrelativistic 
interaction in the limit »/c=0). Thus, if the only fitting 
requirement is agreement of the relativistic interaction 
with the nonrelativistic one in the zero-energy limit, 
these coefficients are entirely arbitrary. 

Actually, of course, since the relativistic interaction 
must fit the experimental data at all energies, not only 
in the zero-energy limit, the following difficulty arises. 
If the nonrelativistic approximation is to be considered 
to be correct for the low and moderate-energy phe- 
nomena to which it has been adjusted (and this would 
be the simplest and hence most desirable situation), the 
v?/c? terms must not be allowed to become appreciable 
at these energies. This sets an upper limit to the values 
of the multiplicative coefficients under discussion. As is 
shown in detail in the last section, if we are to be able 
to adjust the 90-Mev cross section by means of these 
coefficients, without exceeding this upper limit, then 
since the discrepancies are so much greater than v"/c? 
in their ratio to the nonrelativistic cross section, a very 
favorable combination of properties is needed in the 
purely relativistic contributions to the cross section; 
namely, (1) a fair degree of coincidence of their values 
as functions of angle with the values of the discrepancies 
and (2) asubstantial amount of constructive interference 
at 90 Mev in the amplitudes that combine to give these 
contributions, so that they will have an actual nu- 
merical ratio greater than their formal ratio v*/c? to the 
nonrelativistic terms at this energy, but not at the low 
and moderate energies. 

In the last section of this paper, the numerical results 
obtained are analyzed to see how close they come to 
satisfying these requirements. Requirement (1) is satis- 
fied surprisingly well for the Yukawa interaction, at 
least, but requirement (2) is so far from being satisfied 
that it is impossible to have any confidence in the jus- 
tifiability of handling either interaction along the lines 
desired. This means that, if the program originally 
proposed, that of utilizing relativistic terms to adjust 
the symmetric theory to experiment at 90 Mev, is to be 
carried out, the form of the nonrelativistic interaction 
cannot be treated as given, but must instead undergo 
some further adjustment along with the relativistic 
coefficients even at low and moderate energies. (We are 
assuming here that the more radical possibilities in 
generalizing the nonrelativistic interaction either lead 
to the same result or are to be rejected, at least ten- 
tatively, as excessively speculative). Although such a 
method is not as simple as could be desired, nevertheless 
the favorable qualitative behavior of the relativistic 
corrections [satisfaction of requirement (1)] obtained 
with the Yukawa interaction indicates that agreement 
with experiment might be obtainable with a relativistic 
interaction containing only a very few parameters in 
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addition to those contained in the conventional non- 
relativistic interactions. Further research on this subject 
is now in progress. 

An important difference between the case of large 
coefficients and that of small ones may be noted. If 
requirements (1) and (2) are met, so that small coef- 
ficients can be used, the relativistic contributions to 
scattering would be expected to level off with increasing 
energy, as the disappearance of the fortuitous con- 
structive interference counteracts the increase in these 
terms due to the increase of the ratio v/c, on which they 
depend more or less monotonically in the near-rela- 
tivistic region. If these requirements are not met, and 
large coefficients are required, a very rapid increase of 
the peculiarly relativistic contributions would be 
expected, going as v*/c? in the near-relativistic region; 
thus these terms might rapidly come to predominate, 
making the scattering at moderate relativistic energies 
entirely different from that given by the nonrelativistic 
interaction. 


Il. GENERAL PROCEDURE 


Entirely apart from detailed considerations involving 
meson theory, there are two very general conditions on 
the relativistic generalization of a given nucleon- 
nucleon: interaction. These are: (a) Relativistic co- 
variance of physical quantities obtained from it, and 
(b) reduction of these quantities, in the zero velocity 
limit, to the corresponding quantities obtained from the 
given nonrelativistic interaction. Breit® has devised a 
simple procedure, satisfying these conditions, for 
generalizing the nucleon-nucleon interaction with 
respect to those matrix elements that appear in the 
Born approximation cross section. In the same paper he 
presents explicit generalizations, along these lines, of 
certain types of nonrelativistic interactions. We adopt 
his method here, adapting it to the case of symmetric 
forces and Pauli spin operators of general type. 

In order to obtain a covariant cross section, certain 
terms of purely kinetic origin (i.e., common to all 
interactions) must be revised. But the essential quantity 
with which we are concerned is the dynamic one, 
namely the transition matrix element of the interaction 
operator of the neutron—proton system. Assume a non- 
relativistic interaction V depending on the relative 
position vector r=r,—f2 of the two particles, and in 
addition on the Pauli and isotopic spins. The initial and 
final momenta of the particles are px;, po: and pry, Psy, 
respectively. After elimination of the motion of the 
center of mass, the transition matrix element is 


M= (py, Sy, T;| V| pi, Si, Ts), 2.) 
in which 


Pi=4(Pis— Pas), Pr=43(P1s— Pry) ; (2.2) 


S and T are the Pauli and isotopic spin quantum 
numbers of the two-nucleon system. 


*G. Breit, Phys. Rev. 53, 153 (1938). 
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Requirement (a) above, when applied to the Born 
approximation cross section, was shown by Breit® to 
be equivalent to the requirement that under Lorentz 
transformations of the state vectors (including den- 
sities) and the relativistic potential operator, the rela- 
tivistic generalization of IN must be invariant. In the 
paragraphs that follow, we present the general pro- 
cedure for satisfying conditions (a) and (b), starting 
with a nonrelativistic interaction containing very 
general space and Pauli and isotopic spin dependence. 

Since isotopic spin state vectors and operators are 
relativistically invariant, it is sufficient to consider the 
relativistic generalization of operators of the form 


(Pauli spin operator) X (space operator). (2.3) 


The most general interaction of the type described 
above will be a sum of operators of the form (2.3), with 
isotopic spin operators as coefficients. The relativistic 
interaction is thus obtainable by replacing (2.3) by its 
relativistic counterpart in each term. 

Let U denote an operator of the form (2.3), i.e., not 
containing isotopic spin. We seek a relativistic genera- 
lization, U1, of U, satisfying conditions (a) and (b). 
The difficulties standing in the way of a formulation 
of a relativistically invariant interaction in configuration 
space can be avoided by using a momentum representa- 
tion of U. The factor (space operator) in (2.3) is then 
replaced by the equivalent operator in terms of the 
momenta. This operator factor, when the interaction is 
diagonal in the space variable r, can be written in the 
explicit form 


U,= f f | py)dp,Up(p.is)dp.cp, , (2.4) 


where 

Pis=Pi— Pr; (2.5) 

U,(pis) is a c-quantity (in general a tensor with c-num- 

bers as components) equal to the matrix elements of U, 

between the state vectors (p,;| and | p;): 
Up(Pis) = (py| U p| pi). 


At this point, for later convenience, we introduce the 
notation 


(2.6) 


(2.7) 


{/(P)}op= f |p))dp/f(py)dpdp |; 


in words, | /(p)}op is the operator whose matrix element 
between (p,| and |p,) is f(piy). f(pis) may be a scalar 
or tensor, or tensor component. 

The spin factor of (2.3), to be denoted by U,, will 
be left in the customary representation. The factored 
form of U is now 

U,U,. 

The transition to the relativistic domain will be 
made by constructing a mapping which defines the 
correspondence between nonrelativistic and relativistic 
state vectors, and by characterizing the relativistic 


(2.8) 
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interactions whose matrix elements between these 
relativistic states satisfy conditions (a) and (b). 


III. RELATIVISTIC NOTATION 


We shall use, throughout, the very advantageous 
scheme of expressing the Dirac operators in terms of 
dichotomic variables.’ If we write | p_’) for the eigen- 
vector of p; having the eigenvalue —1, we obtain a 
basic set of one-particle solutions of the Dirac equation 
in the form 

ca:p 


E, p, (@))=0(1- —— ) p—')|o)\p), (3.1) 
E+ pc? 


where |@) is any o-spin state vector, |p) is a momentum 
eigenvector normalized to one particle per unit volume. 
C is a normalization constant : 


C=([1+0p?/(E+uc) Jo}. 
E and p are related by 


E=+(p?+urc)!. 


(3.2) 


(3.3) 


Four mutually orthogonal vectors are obtained by using 
the two signs of the energy and any pair of orthogonal 
o state vectors. 

We use henceforth the notation 


Gx, »(i)=1—ca(i)-p/(E+uc). (3.4) 


The argument i designates the particle on whose dicho- 
tomic variables G operates. The normalization constant 
C is a function of the sign and magnitude of the energy 
only ; since all our calculating will be done in the center- 
of-mass system with particles of equal mass and equal 
positive energies, it will never be necessary to use dis- 
tinguishing subscripts with C. 

For a system of two particles, linear combinations of 
products of state vectors of the form (3.1), one for each 
particle, are solutions of the Dirac equation for two free 
particles. These have the form 


E,, E,, Pi, Pe, (Srei(1, 2))) 
= CG g1, p1(1)Gee, p2(2)| p_’(1))| p_’(2)) 


X | Srei(1, 2))|pi(1))| pa(2)), (3.5) 


in which | S,.i(1, 2)) is any linear combination of two- 
particle o-spin state vectors. As in the nonrelativistic 
case, 

p(1))|p(2))=| P)|p), (3.6) 


where P and p are the momenta conjugate to 
R=3(r,:+1r2) and r=r,—rz respectively ; i.e. P=pi+pe, 


7L. Rosenfeld, Theory of Nuclear Forces (Interscience Pub- 
lishers, Inc., New York, 1949). The notation we use is given in 
Rosenfeld’s Chapter IV, particularly Sec. 4.2. However, the 
representation in which we write the Dirac equation differs from 
Rosenfeld’s; it is obtained from his by transforming with the 
unitary operator p,, i.e., essentially by the interchange of large 
and small components of the state vectors. 
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p=3(pi—pz). Thus, putting also | p_’(1))| p_’(2))=| p_): 


| £1, Ex, pr, Pe, (Srer(1, 2))) 
> | Ei, E2, P, A (Srei(1, 2))) 
= C°Ga1, pi(1)Gee, po(2)| p_)| Srei(1, 2))|P)|p). (3.7) 


The form of the relativistic state vector that replaces 
the nonrelativistic one | P)|p)|.S) follows from the 
customary formulation of the assumption that the 
Pauli-Schrédinger mechanics is the nonrelativistic 
limiting form of the Dirac mechanics, viz.: The Dirac 
operator p(i) corresponds to the observable, relativistic 
momentum of a particle; and the Dirac operator e(i) 
corresponds to the Pauli operator o(7) in the limit »/c=0. 
The values of the relativistic momenta P and p are 
determined by the experimental situation. The cor- 
respondence of the @ operators requires that |S,1) 
be chosen equal to the nonrelativistic |S), to within a 
unitary transformation ; we put |S,.1)= |S). The signs 
of the energies E,; and E» will, of course, in our case be 
positive (first Born approximation). 


IV. COVARIANT INTERACTION FORMS 


The relativistic generalization of U, [Eq. (2.4) ] that 
we shall use will be the simplest one satisfying condi- 
tions (a) and (b) : On the right-hand side of (2.4), the 
vectors p; and py in the state vectors | p;) and (p,|, and 
dp; and dp,, are replaced by their relativistic three- 
vector counterparts; the normalization of the non- 
relativistic state vectors is retained, and the integration 
over all values of the vectors p; and p; is also retained. 
In U,(piy) considered as a function of pis, on the other 
hand, pi; is replaced by (pis, 7Ei;/c), with 


Eis=4( (Exi— Esai) — (Exy— Ens) ], (4.1) 


to yield the relativistic function Up rei(p.s) ; whatever 
the form of U,(pis), whether scalar or tensor in pyy, 
this replacement is straightforward for positive energy 
states. (It will be noted that this procedure gives a 
four-vector for Uy w1 when U, is a three-vector, and 
similarly for higher rank tensors. Symbolically, if 
U,={T(p)}op, where 7(p)'is a scalar, vector, dyadic, 
etc., function of p, this gives for the relativistic generali- 
zation of U, (to be called Uy 11): 


U, rel = {T((p, iE/c)) }op). 


The invariance of all matrix elements (between state 
vectors of the form |p)) of U>» re: follows from the in- 
variance of Up rei(piy), provided normalization of all 
state vectors of the form |p) to one particle per unit 
volume is retained under Lorentz transformations. It 
will be noted that the change in normalization of actual 
solutions of the free-particle Dirac equation under 
Lorentz transformations is incorporated in the factor 
C of Eq. (3.5). 

The lack of uniqueness of the above choice of U>» ret 
is quite apparent. In particular, Up re1(piz) as above 
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defined could be multiplied by any scalar function of 
(p:, 1Z;/c) and (p;, iE;/c) that reduces to unity in the 
nonrelativistic limit, without violating conditions (a) 
and (b). 

We now turn to the matter of the relativistic generali- 
zation of U, [Eq. (2.8) ], to be denoted to U, rei. The 
necessary invariance of the matrix elements of U, +1 
when taken between the spinor parts of the state vectors 
(3.5) (the factor C, giving the Lorentz density change, 
being taken as included in the spinor part) restricts us 
to the operators S=8=p;, V=(a, —i), T=8G, a), 
A=(e, —ip:), P=p2, S being a scalar, V a polar four- 
vector, J an antisymmetric tensor, A an axial four- 
vector, and P a pseudoscalar. 

The forms of U,U, that appear in the nonrelativistic 
interactions with which we are concerned are invariant 
combinations -of the Pauli operators 1 and @ and 
momentum operators of the form {f(|p|)}.» or 
{{(\p|)PiPelop (7, & being tensor indices). The corre- 
sponding relativistic operators will be obtained by com- 
bining the Dirac operators S, V, T, A, P with momen- 
tum operators obtained from the nonrelativistic 
momentum operators in the manner described pre- 
viously. We shall retain in the relativistic domain the 
restriction that the latter be tensors of not higher than 
second rank in the momentum. 

The desired operators will be written down sys- 
tematically® in a way that exhibits the completeness of 
the collection subject to the above restrictions. For 
simplicity, we put fo for a scalar operator function of 
(pis, tE:;/c) ; fi for the corresponding four-vector ; and 
fe for a tensor. Of the two Dirac operators in each 
product, one belongs to one of the particles, and one to 
the other ; some have to be symmetrized between the 
particles and this is indicated by the operator “s” 
appearing in front of such expressions. The factor i 
(square root of minus one) that appears in some cases 
is for the purpose of making the operator hermitian. 

The two-particle operators are then (a) SSfo, (b) 
isSV f:, (c) sSTf2, (d) VV fo, (e) sVV fo, (f) iVT/i, (g) 
TT fo, (h)® TT fe, (i) AAfo, (j) AAfe, (k) isAPfi, (1) 
PP fo, (m) isAT(dual)f;. In all cases the operators are 
to be combined by summation of indices in such a way 
as to give an invariant ; where this summation is am- 
biguous, it is uniquely defined by requiring that the 
result does not duplicate the form of another operator 
included in the list. 

We note that three of the above operators, while 
included for completeness, could have been omitted, at 
least for our present purposes : (c) vanishes identically, 


8 The cases involving a sum over the indices of T by itself are 
omitted; this sum vanishes, since T is an antisymmetrical tensor. 

%A Mller type calculation [Z. Physik 70, 686 (1931)] of the 
interaction matrix element between momentum eigenstates for 
two Dirac particles leads to just this operator (h), if instead 
of using the complete charge-current density four-vectors one 
uses the parts of these that refer to the magnetization-polarization 
densities alone. Thus this operator is physically the relativistic 
form of the dipole-dipole potential energy interaction. 
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since 7 is an antisymmetric tensor and /2 is symmetric, 
and (b) and (e) can be shown, by use of the one-particle 
Dirac equation, to have matrix elements which vanish 
between states of positive energy. 

The Pauli operators to which the above operators 
reduce may be found by setting the Dirac operators a, 
pi, and pe equal to zero and p;=1. We then obtain, 
since Ey; vanishes in the nonrelativistic limit (particles 
of equal mass) : (a) fo, (c) =0, (d) ~— fr, (g) >01-e2fo, 
(h) —{(| pir *91°02—01-PiG2" Piz |f(|Pis\?)}op, (i) 01 
-o2fo, (j) for: piyoo-pisf(|piz|*)}op while all others 
approach zero. These equivalences hold, of course, only 
in the positive energy subspace. 


V. DERIVATION OF THE RELATIVISTIC CORREC- 
TIONS TO THE CROSS SECTION 


We take as our relativistic interaction 

V rei = 1° t2U rel, (5.1) 
where U,.; operates on momentum, p- and o-spin coor- 
dinates only. In obtaining the relativistic matrix ele- 
ment, it is convenient to make an explicit separation 
of the three types of inner product corresponding to the 
three types of coordinates of 1/;1. We define 


Urei= (pz! Ure! pi), (5.2) 


and further 
U rer’ = (p_| G(1)Gy(2) WreiG(1)G,(2) | p_), 


in which the G; and G; are operators of the form (3.4) 
appropriate for the description of the initial and final 
states. Ure’ is, formally, a Pauli operator, and will be 
called the Pauli equivalent operator of Uye1, since in 
terms of it the relativistic first Born approximation 
cross section (for positive energy states) is formally the 
same as the nonrelativistic one, except for constant 
factors. We shall use the prime and the term “Pauli 

equivalent operator” for any operator of this type. 
To order v*/c*, the neutron-proton cross section for 
unpolarized initial and final particles is found to be™ 

p? 
o(6)=onr(0)+——_Tr (Yu) (YH). 
329*h! 


(5.3) 


(5.4) 


The unfamiliar terms in this expression are defined as 


% Note added in proof: It will be noted that in the present 
formulation, the relativistic correction [second term of Eq. (5.4) ] 
is dynamically independent of the nonrelativistic cross section 
since it contains the factor H® in the trace. The normalization 
factor C® [see Eq. (3.2)] coming from the Dirac state vectors 
cancels, to order v*/c?, the relativistic corrections contained in the 
density-of-states factor common to all terms in the cross section. 
The net result is that owr(@) of (5.4) would, if o(@) were calcu- 
lated exactly, be multiplied by a factor differing from unity only 
in terms of order v‘/c4, these terms amounting to only 0.03 percent 
at 90 Mev. This wholly negligible amount is the entire “kine- 
matic” correction in our interpretation, which we think is recom- 
mended by the natural way in which it emerges from the above 
analysis (a completely non-arbitrary definition of the “kinematic” 
correction is evidently impossible). It has, of course, been cus- 
tomary to omit the C* factor in defining the correction; this 
explains the difference between our result and that of Case and 
Pais [K. M. Case and A. Pais, Phys. Rev. 80, 203 (1950) ]. 
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follows: 


onr(0)=——Tr(YU)? 


642°h'* 

is the nonrelativistic cross section, 

U=U(pis) = (p,| U| pi) (5.6) 
being the momentum matrix element of the nonrela- 
tivistic interaction. H® is that part of Urei’ which is 
hermitian in o-spin and of second order in v/c; we 
shall henceforth, where necessary, use superscripts in 
parentheses to indicate the order in v/c of any operator. 
The trace Tr is to be taken over a complete set of two- 
particle spin states. The dictates of the Pauli principle, 
and the effect of the operator t;-t2, are contained in the 


operator 
Y=—}(1+P,P.), (5.7) 


where P, is the o-spin exchange operator, and P, 
interchanges pi; and piy wherever they occur in U. 

The way in which terms of higher than zero order in 
v/c are separated off, can be seen as follows. If the 
expression (3.4) is used explicitly for all the G’s in (5.3) 
and the multiplication then carried out, one obtains a 
sum of terms of zero to fourth order in cp/(E+ uc), or, 
essentially, in v/c. The zero-order term must be just U. 
The first-order term vanishes for all operators that we 
shall use (see Sec. VI for criteria of selection of these 
operators). The second-order term produces the v*/c? 
contribution, i.e., the second term of (5.4), which is seen 
to have the form of an interference term between the 
nonrelativistic scattering amplitude and that due to the 
“hermitian” part of the second-order Pauli equivalent 
operator of the interaction. 


VI. APPLICATION TO TWO NONRELATIVISTIC 
INTERACTIONS; RESULTS 


The nonrelativistic interactions that we shall deal 
with in this paper can be written in the general form 


V(r) = do, "C1 -aoV of (1 _ 3g) fo(r) 
+4301: o2fo(r) + yS12(8) f(r) J, 


where Vo, g and ¥ are constants; r means | r| ; and 


Sio(1) = 3 (e- 1) (oo: 4) /r?]—o1-o2. 


(6.1) 


(6.2) 


fo(r) and f2(r) embody the spatial dependence of the 
central and tensor parts of the interaction respectively ; 
these are so far abitrary. 

In order to investigate the relativistic corrections, we 
need U(pis) (defined in Sec. V). For convenience in the 
relativistic work we break up the tensor force into its 
two components, defining 


$(pis) = (@1- Piy@e: pis) pis’. (6.3) 


Then 


4a 
U(py) = 3 Vol devo(bu) +l 32) v0lbu) 
+7 ¢2(Pis) Jo1-2—3ys(pis) ¢2(Pis)}, 


(6.4) 
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where 


¢n(Pis)= f jal pigt/h) fal(v)r°dr; 


jo and 2 are spherical bessel functions, 
jn(x) = (x/2x) 1 44(x). 


We regard U(pi;) as a linear combination of the Pauli 
operators 1, o1-@2, s(pis), and 0, with coefficients de- 
pending on p,; and on the constants g and . Then the 
relativistic generalization of U(p,,s) will be obtained by 
(a) replacing pir by the magnitude of its corresponding 
four-vector (this four-vector has zero fourth component 
in the CM system, and its space part is equal to the 
nonrelativistic p;z and (b) making the operator replace- 
ments, for each Pauli operator, 


Pauli operator — linear combination of 
relativistic equivalent Pauli operators ; 


where the “relativistic equivalent Pauli operators’’ are 
deduced from invariant operators (a) to (m), Sec. IV. 
Formally, the coefficients of all the relativistic operators 
on the right-hand side that reduce to the Pauli operator 
on the left-hand side must add up to unity, and the 
coefficients of relativistic operators that reduce to zero 
may have arbitrary magnitude (so far as the zero-energy 
limit is concerned; see Sec. I). 

It did not seem worth while at present to attempt an 
exhaustive investigation, such as would consist of 
incorporating all the operators (a) to (m) into the 
generalized interaction in all allowable combinations, 
for example. The criterion of choice was to omit zero- 
reducing operators, with the exception of PPfo, which 
is a particularly simple and fundamental case, and to 
replace each Pauli operator by a linear combination of 
only those two operators of the list which reduce to it. 
The operators that are omitted,.other than those that 
vanish identically or have vanishing matrix elements 
between positive energy states, are differences between 
operators that reduce to the same Pauli equivalent 
operator, and (f), (k), and (m), all linear in the mo- 
mentum. The last three operators have Pauli equivalent 
operators with nonvanishing terms of first order in v/c. 
In general, they will thus yield relativistic corrections 
to the cross section of order v/c, while the operators 
that we include yield corrections of order v?/c*. This v/c 
cross-section contribution turns out to be zero for (m), 
but is not zero for (f) and (k). So long as one hopes to 
adjust relativistic terms to fit theory to experiment at 
90 Mev, without introducing appreciable relativistic 
effects in the moderatc« and low energy regions, operators 
that contribute to first order in v/c are substantially 
less important than those which contribute only in 
higher orders, since their relativistic terms decrease 
more slowly with decreasing energy. If the desired type 
of adjustment cannot be achieved with v?/c? corrections, 
the same should hold still more strongly with v/c cor- 
rections. 
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Instead of writing down the Dirac spin-momentum 
operators that will be used, we shall give just the mo- 
mentum matrix elements, derived from them, which are 
to be used as spin operators in Ure. We use the fol- 
lowing notation. The subscript « refers to a Dirac 
operator reducing to the unit Pauli operator; o to the 
Pauli o;-e2; s to the Pauli s(pis); and to the Pauli 
null operator. Further subscripts are used to distinguish 
between Dirac operators both of which reduce to the 
same Pauli operator. The operators to be used are then 


Sua= B(1)8(2), 
Su2= 1—a(1)-a(2), 
£o1= B(1)8(2)[o(1) -o(2)+a@(1)- @(2)], 
Fe2=e(1)-o(2)—pi(1)px(2), (6.5) 
§+1= B(1)8(2)[s(pis)— or(1) p1(2)s(piz) + (1) - (2) J, 
f.2=s(piy), 
n= p2(1)p2(2). 
These are the forms obtained in the CM system for two 
particles of equal mass, i.e., with the fourth component 
of the momentum-energy vector (pis, i£;;/c) equal to 
zero, from the following operators of Sec. IV, respec- 
tively: (a), (d), (g), (i), (g) minus (h), (j/), and (I). 
(In the case of {,; and ¢,2, the original operators have 
been divided by | piy|*.) 

With our restrictions, the equivalent Pauli U,.:'(p;;) 
corresponding to the U(piy) of (6.4) is 


4 
Ure’ (pis) = 3 Vo} $ ef GurSur’ +Gu2ku2’ |¢o( pis) 


+[1—$g [aer0f01' + Ge20he2' ]¢o( pis) 
+ ¥[ae12bei'+ Ae22be2' ]e2( pis) 
—3y[anvea’'+ As2fs2' ]e2( pis) 


+ Gnokn’ Gol Pis) + Anon’ g2( pis) } ’ (6.6) 


with the condition that the sum of the a’s in any bracket 
is equal to unity. The ¢’ in (6.6) are primed to indicate 
that equivalent Pauli operators are meant. Expressions 
for the equivalent Pauli operators of the ¢’ are given 
in the Appendix. Note that the coefficients of ¢,;' and 
fo: that are coupled with go(piz) are treated inde- 
pendently of those that are coupled with ¢2(p,,). 

The cross section in the Born approximation [Eq. 
(5.4) ] can be written as 


o(9)=onr(O)+X ao;(6), (6.7) 

where o;°)(@) is the second-order-in-v/c contribution due 

to the operator ¢; with all factors that appear with it in 

Eq. (6.6) except the factor a;=d@uy1, Gdu2, Ge, *** 3 €.2., 
Fur”? (0) = (u?/64a7h4) - 3 ¢- 277 (YU) 

*(49/3)Vo- VH® (Fu1’) pol pis) ]. 

Simplified expressions for evaluating the traces are 


given in the Appendix. The expression for oy p(@) is also 
given for reference. 


(6.8) 
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As stated in Sec. I, relativistic corrections have been 
calculated for two nonrelativistic interactions of the 
form (6.1): (1) The Rarita-Schwinger square-well inter- 
action,” and (2) a Yukawa interaction with constants 
computed by Feshbach" for “best” fit of the low-energy 
data. 


04 


Og," 0.592 x 10° cm 
( Squore Wel!) 


Square Well 
Yukawa Weil 


cos © 


Fic. 2, Relativistic corrections o¢19°, ¢¢20"* 


1 W. Rarita and J. Schwinger, Phys. Rev. 59, 436 (1941). 
!! Private communication (to be published). 
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The numerical results for the second-order con- 
tributions o;°(6) that appear in Eq. (6.7) are plotted 
in Figs. 1 to 5 for the two interactions. It will be noted 
that the o;°(@) are much more sensitive to the non- 
relativistic interaction than is the nonrelativistic cross 
section. For purposes of comparison, the nonrelativistic 
cross sections given by the two interactions are plotted 
in Fig. 6; the experimental points are also shown. The 
nonrelativistic cross section for interaction (1) was 
obtained by extrapolation from the 100-Mev calcula- 
tions of Ashkin and Wu,” using the 90- and 100-Mev 
Born approximation results to give the proportion. In 
this way a considerable improvement over the straight 
Born approximation should be obtainable. For inter- 
action (2), the nonrelativistic cross section was obtained 
by combining a Born approximation calculation for the 
triplet scattering with an exact calculation for singlet 
scattering. In the latter case a substantial error prob- 
ably still remains, although, as will be argued later, it 
should not affect our conclusions. The nonrelativistic 
total cross sections obtained are 


onr=14.1X10~*6 cm? (Square well), 

ovr=9.59X 10-6 cm? (Yukawa well) ; 
these are to be compared with the experimental value! 
of 7.6X 10~° cm?. 

VII. ANALYSIS OF RESULTS 
In this section we analyze the properties of the rela- 

tivistic corrections obtained, by comparing them quan- 
titatively with the discrepancies in total cross section 
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12 Ashkin and Wu, Phys. Rev. 73, 973 (1948). 

18 The author is indebted to Professor Feshbach for the results 
of the singlet scattering calculation. Its use eliminates the sub- 
stantial error that would result from the very large repulsive 
singlet odd potential # the Born approximation were used. 
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Fic. 4. Relativistic corrections ¢.,;%, o2. 
and angular distribution between nonrelativistic theory 
and experiment. 

The shape characteristics of n—p scattering curves are 
usually expressed through the ratio of the 180° value 
to that at the minimum of the curve, and to that at 0°. 
In this case the point cos@=0.8 will be used instead of 
6=0°, because the data do not extend to 0°. Further- 
more, the Yukawa curves fluctuate very greatly in the 
immediate neighborhood of 180°, so that the point 
cosé= —0.9, where they behave more quietly, will be 
used instead ; this will result in a better measure of their 
effect in the back-scattering portion of the curve (any 
very rapid fluctuations of this kind if they occurred in 
nature, would of course be smoothed out in the experi- 
mental results, due to finite resolution). 

The required shape improvements can now be 
summed up: 


(a) Reduction of the ratio o(—0.9)/a(0.2). 
Experimental value: 2.6. 
Square well, nonrel.: 7.9. 
Yukawa well, nonrel.: 5.7 (Born approx. triplet, exact 
singlet). 
(b) Reduction of the ratio o(—0.9)/o(+0.8). 
Experimental value: 1.4. 
Square well, nonrel.: 3.0. 
Yukawa well, nonrel.: 3.6 (Born approx. triplet, exact 
singlet). 
A convenient criterion for the shape-improving 
characteristics of the relativistic corrections in these 
two respects is the following: Let 


R;(cos@) = 0;° (cos@)/an r(cos8). 
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Then we have the following conditions on the sign of 
any a; in Eq. (6.7) for shape improvement with respect 
to the desiderata (a) and (b), respectively: 

(a) R,(0.2)>(<)Ri(—0.9) requires a >(<)O. 
(b) Ri(+0.8)>(<)Ri(—0.9) requires a >(<)O. 


(7.1) 


The correlation of the signs required for shape 
improvement with that required for total cross-section 
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TABLE I. Corrections to the total cross section. Values of R;(—0.9), R:(0.2), Ri(+0.8) for the o;® of Eq. (7.2); 


R;(total) =0;®(total) /onp(total). 








Yukawa well 


Corrections to 
total cross section 


Ri(total) 
(107% em?) % 


Ri( —0.9) 
% 


— 0.00183 
0.00934 

0.427 

—0.240 

0.090 

— 0.0259 

— 0.1045 

0.138 
— 0.000327 
on™ — 0.00817 
N—R theory minus experiment, 
ratio to theory (in percent) 


—0.035 
0.21 
8.0 

—4.6 
2.0 

—1.1 

—2.4 
$2 
0.036 

— 0.067 


—0.019 
0.097 
4.5 

—2.5 
0.96 

—0.27 

—1.1 
1.4 

— 0.0034 

—0.085 


53 


21 


« Column a: Sign of coefficient for improvement of total cross section. Column b: Net sign of coefficient 
shape improvement with respect to ratio ¢( —0.9)/e(+0.2). Column d: Same as c, but for ratio o( 


improvement (minus for positive integrated corrections, 
plus for negative ones) is an index of the extent to which 
a given correction can be effective in improving the 
agreement of the theoretical and experimental cross 
sections. 

For the present purpose it is convenient to eliminate 
the necessity of referring to the condition that the two 
a’s of any pair add up to unity, by replacing a,; by 
1—dxu2, dei by 1—ae20, etc., in Eq. (6.7). We then 
obtain for the summation in (6.7): 


Y ao = Gy + duu—? +0610? + e208 00— 
+0612) + de220 62 +41 + A,20s 


+ n0tn0 + An2n2?, (7.2) 


where the second-order o’s with minus signs in the 
subscripts are differences between the members of those 
pairs in (6.7) that come from relativistic operators 
having a common nonrelativistic limiting form. All 
coefficients that appear in this expression are completely 
at our disposal at least as far as the limit »=0 is con- 
cerned, since they multiply terms that vanish in this limit. 

Table I presents (for the Yukawa well) the information 
necessary for arriving at all correlations, along with the 
signs of the coefficients necessary for total cross-section 
improvement and [from (7.1) ] the two kinds of shape 
improvement. For comparison, the signs for the square 
well are also given. In the bottom row of Table I are 
listed the percent discrepancies between nonrelativistic 
theory and experiment, referred to the theory. Each of 

TABLE II. Results obtained with trial adjustments of cross 


section, using relativistic corrections. 


Total cross 
section 


Discrep 
ancy for* cosé = —0.9 cosé = +0.2 cos@ = +0.8 
—1 
+10 
—3 


+61 
: +6 
( +3 


) 4.5 —18 


(1 
(2 
(3 


* (1) Discrepancies with respect to N —R theory [Interaction (2)] after 
addition of “non-arbitrary’ corrections. All in percent. (2) Same after 
addition of “‘non-arbitrary” corrections plus 12¢g9-). (3) Same after ad 
dition of ‘“‘non-arbitrary"’ corrections minus 18¢.~®). 


Ri(0.2) 
oy 
o 


— 0.089 
—0.44 


—0.27 
— 0.085 


—0.0051 
—0.021 


Square-well 
correlations® 
b 


“orrelations® 


Ri( +0.8) 
% b c d 


o 


- 


—0.014 
0.22 
3.2 

—2.9 
0.66 


0.0017 


| 


lel + 
1+i1++ 


0.84 


0.53 


l++14 


0.11 


+i+ 1 


vi 


++14++14+1 


0 


for shape improvement. Column c: Sign for 


0.9) /e@ 


these numbers is directly comparable with the quan- 
tities in the column above it. 

The correlations of ou: , ¢¢10, o¢12, and o,;° are 
not particularly important, since these are mostly small 
and have coefficient unity in (7.2). The correlations of 
principal importance are those of ou-, geo, go2_’, 
o,—”, ono and on2®); a perfect correlation for any of 
these consists in having the same sign, either plus or 
minus, across the last four columns of the table. 

It will be seen that for the square-well interaction 
most of the correlations are rather poor, though not 
entirely unfavorable. Much better correlations are ob- 
tained with the Yukawa interaction; these are, in fact, 
qualitatively almost perfect except for ono and on2”. 

We can utilize Table I to obtain a rough idea of the 
magnitudes of the coefficients needed to adjust the non- 
relativistic cross sections to experiment. These esti- 
mates will contain errors from several sources, to be 
described later, but arguments will be given to show 
that the errors do not interfere with an order of mag- 
nitude estimate. Only a few of the most favorable cor- 
rections will be used; since the coefficients required 
with these are already large enough to introduce sub- 
stantial relativistic corrections at low energies, it is not 
necessary to go any further. 

The procedure used in estimating the magnitudes of 
the coefficients will become clear on considering Table 
II, in which the results are presented. The first row of 
the table shows the percent discrepancies after the addi- 
tion of ou? +610 +0612" +0. (termed “non- 
arbitrary”’ corrections) to the nonrelativistic cross sec- 
tion, these being necessarily included in the cross 
section, formally speaking, if we use (7.2). These dis- 
crepancies are obtained by adding the percent R,’s for 
these corrections to the percent discrepancies in the last 
row of Table I; the resulting numbers are percent dis- 
crepancies referred to the uncorrected nonrelativistic 
theoretical cross section. If we now add 12¢,9_® to 
this result, we reduce the discrepancies to the amounts 
shown in row 2, Table II. If, instead, we subtract 18 





RELATIVISTIC 


o,—”, the remaining discrepancies are those in row 3. 
The two corrections o.o_° and o,.® are the largest 
relativistic corrections, as well as the best individual 
ones for over-all curve-fitting purposes. 

The difficulty with the Yukawa interaction cor- 
rections is that their values at cos#=—0.9 and +0.8, 
although such as to correct the ratio o(—0.9)/o(+0.8) 
in harmony with the other ratios, are such as to lower the 
+0.8 value, while it should be at least unchanged, if not 
actually raised a little. This is not a large effect absolutely, 
however, since the cross section is itself small here. 

The effect of relativistic contributions of the mag- 
nitudes obtained above, at low energies, can be illus- 
trated by considering the deuteron. For the Yukawa 
well, the mean value of 2?/c* for either particle in the 
deuteron is about 0.016. The coefficients twelve and 
eighteen then imply relativistic effects on deuteron 
properties of about 20 percent or 30 percent. These are 
quite substantial, and could of course turn out to be 
even greater in actual calculations. Moreover, the 
estimates given are, if anything, lower limits on the basis 
of the available information. 

In emphasizing the largeness of the coefficients, it is 
well not to lose sight of one aspect of our results, already 
mentioned in the introductory section, which is highly 
favorable to the construction of a workable phe- 
nomenologica! interaction incorporating relativistic cor- 
rections; namely, the strikingly consistent correlations 
shown by Table I for the Yukawa corrections. These 
will contribute greatly to simplifying any eventual 
interaction of this type. 

The errors due to the method of calculating the 
relativistic corrections remain to be discussed in relation 
to their possible effect on the above conclusions. In the 
first place, there is the use of the Born approximation. 
Guided by the form of the calculation, we might expect 
this error, relatively, to be of the same order as the 
relative error of the nonrelativistic Born approximation, 
a high estimate of which is perhaps 100 percent. This 
amount would not change our qualitative conclusions. 
There is also the neglect of terms of order higher than 
v*/c?; but since these are of order v*/c*, the relative 
error involved is nominally only 5 percent at 90 Mev. 

A gross error in the relativistic corrections might 
occur if some components of the imaginary part of the 
Born nonrelativistic amplitude had the wrong sign 
[v. N. F. Mott and H. W. S. Massey, Theory of Atomic 
Collisions, 2d Ed. (Oxford University Press, London, 
1949), p. 24]. This can easily occur, without making the 
Born intensity wrong, if any phase shifts are close to 
90°. The only available information in this is the values 
of the phase shifts at 80 Mev for a square well and 
central forces, but with symmetric exchange." These 
are all well under 90°. 

The author is indebted to Professor Herman Feshbach 
for his original suggestion of this problem, for his under- 
standing guidance during the entire course of the work, 


4 Bethe and Camac, Phys. Rev. 73, 191 (1948). 
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and for many concrete suggestions. He also wishes to 
thank Professor Victor F. Weisskopf for his interest in 
the work. 

The aid of Mrs. Barbara Siegle Levine, and the 
Misses Patricia Boland, Hannah Paul, and Elizabeth 
Campbell, who did the computational work, is grate- 
fully acknowledged. 

APPENDIX 

(1) When the Dirac spin-momentum operators, from which the 
t of (6.5) are derived, are substituted for Ue; in (5.2), and (3.4) 
is used for the G’s in (5.3), the resulting operators are of zero to 
fourth order in cpiy/(E+uc*). We shall here give the second-order 
part in cpy/(E+mc?) of the momentum matrix element [see (5.3) ] 
of the operator obtained when the Dirac spin-momentum operator 
related to each of the ¢ is substituted for U,.) in (5.2) ; this will be 
a Pauli spin operator, and will be designated by ¢’@, along with 
the subscript of the particular ¢ from which it is obtained. 

Much simplicity is gained by working in the CM system, in 
which 

Pai=—Pui, Py=—Py; 
hence also [see Eq. (2.2) ] 
Pi=Pii, Pr=Py. 
The momentum exchange operator P, turns p; into — pj; we define 
v= P pig = P>(Di— Py) = — i — y- 
With energy conservation, |p;!=!py|, and piy-py=90. The fol- 
lowing expressions are then obtained in the CM system, for 
transitions in which energy is conserved (D=c*/(E+-uc*)*) : 
fur’ = DUA pi?— pi?) +i(1+- 02) - pi X Dy], 
Sua’ = DL — bpy?+ dpi? — pi? - 2+ pis’s(py) 
—3i(o, +e.) - pi X py], 
for’ = DL — pis? + (3 pir? — 3 Pi) 01 - 2+ piz?s (pir) 
— 2piy2s (pir) —3i(0 +02) «pi X py], 
fo2' = DL} pis? — Diy?) @1- G2 — pis*s(piy) 
+ 2piy?s(pip) +7(61 +02) “pX<pl, 
fai! = DL pi? - 2+ 3 (pig? + Diy?) 5 (pi) — Diy? (Diy) 
— pis?s(py X Piz) J, 
f12') = —2Dp*s(pis), 
fn’ = Dpig*s(piy). 

(2) The second-order contributions to the cross section asso- 
ciated with any of the operators (6.5) are given by expressions 
constructed analogously to Eq. (6.8). We give here a compact 
expression for the result of the trace calculation, which is suf- 
ficiently general to be used with any of the ¢’® listed in the first 
part of this Appendix. 

Let 


4a 
R= 3 VoD fitGr-OofetssfstsSfitsxfe} 


where f;---fs are arbitrary functions of py and py; and 


$4=}(1+P,)s(py); s_-=4(1—P,)s(py);  sx=5(py X Py). 
Then if U is given by (6.4), the following expression holds in the 
CM system (py, Py, and py py being mutually perpendicular) : 
Tr(¥3C)(¥U) = (42/3)*Vp2D(A +4P,A +2B+2P,B), 
where 
A =2{[3gfit(2—32)(3fe+fs+fs) lool pis) 
+y0—fs—3fst-2fsler(py)}, 
B=2{[3(1—g)fit+(—1+3g)(3fet+Sst+Ss) loo(py) 
+L —frt3fst2fslor(vis) } - 
(3) The nonrelativistic cross section in the Born approximation 
for the interaction (6.1) is 


2V,2 
{[1—3g+3g" [po pis) +407(piy) ] 


onr(8) a) 
+2[ —1+6g — 6g" }yo( pir) eo( Dis) +2-y*Lo2"( pis) 
—2g2( pis) o2( Diz) +4¢2"( dy) J}. 
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Cosmic-Ray Bursts and the Nucleonic Cascade*t 


G. N. Wuyte 
Palmer Physical Laboratory, Princeton University, Princeton, New Jersey 
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The cosmic-ray burst rate has been measured as a function of altitude at geomagnetic latitudes of 0°, 
29°, and 35°N by means of a thin-walled spherical ionization chamber. The burst rate at an atmospheric 
depth of 20 g/cm? increases by a factor of 6 between 0° and 52°. When the data are corrected for the effects 
of heavy primary nuclei, the residual rates, believed due almost entirely to nuclear disintegrations, show 
maxima below the top of the atmosphere. The maxima at 0°, 29°, 35°, and 52° occur at depths of approxi- 


mately 100, 70, 60, and 50 g/cm? respectively. 


I. INTRODUCTION 


HE establishment of the fact that, at mountain 

altitudes and above, a thin-walled ionization 
chamber can be used as a detector of the radiation pro- 
ducing nuclear disintegrations'? has led to the use of 
such chambers for the investigation of the altitude de- 
pendence of this “star-producing” component. The 
work of Bridge and Rossi’ at mountain and B-29 alti- 
tudes, of Hulsizer, Coor,5 and McClure and Pomerantz® 
at balloon altitudes, and of Tatel and Van Allen’ at 
rocket altitudes gives the variation of the burst rate 
in thin-walled ion chambers through the entire atmos- 
phere in the neighborhood of 52°N. These results in- 
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Fic. 1. Cross section through ionization chamber. 
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dicate an exponential decrease in the lower atmosphere 
with an absorption length close to 140 g/cm?, in good 
agreement with the value for stars in photographic 
emulsions.® At high altitudes the data appear to differ 
somewhat from the simple absorption of an isotropic 
primary component,’ and, in fact, when the rates are 
corrected for the contribution of heavy primary 
nuclei,®'° they show an initial build-up below the top 
of the atmosphere. 

The purpose of the experiments to be described was 
to extend the investigation to higher average primary 
energies by making high altitude burst measurements 
at lower latitudes. To this end, five balloon flights were 
made from the U. S. S. Norton Sound in the Pacific 
during the summer of 1949. 

Il. EXPERIMENTAL METHOD 

The experimental equipment was substantially the 
same as that used by Coor and described in detail by 
him." It was comprised of the ion chamber with 
its associated amplifier and telemetering equipment 
mounted in a light balloon-borne gondola, and a re- 
ceiving and recording station on the ship. 

The chamber (Fig. 1) consisted of a spherical copper 
shell, 30 cm in diameter and 0.054 cm in wall thickness, 

TABLE I. Schedule of flights. The two flights made 


by Coor at 52° are included. 


Geomag- mum Dura- 
netic altitude tion 
latitude ft) g/cm? (hr) 


Geographic 
potnt ot 
Date launching 


103 000 9 3 





00°11’N 
160°03’W 


01°30’N 
157°30’W 
00°01’N 
158°21’W 
27°40’N 
148°10°W 
30°25’N 
129°52’W 


Princeton, N. J. §2° 
Princeton, N. J. S3° 


July 11, 1949 


July 16, 1949 95,000 14 4.7 


July 20, 1949 85,000 22 7 


August 9, 1949 88,000 19 6 


August 13, 1949 93,000 15 9 


92,000 16 3.8 
50,000 120 3.5 


January 27, 1948 
March 1, 1948 


8 Bernardini, Cortini, and Manfredini, Phys. Rev. 74, 845 
(1948) ; 74, 1878 (1948). 

® B. Rossi, Revs. Modern Phys. 20, 537 (1948). 

0G. N. Whyte, Phys. Rev. 78, 321 (1950); 78, 630 (1950). 

"! Coor, Snow, and Darago, Rev. Sci. Instr. (to be published). 
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and a concentric spherical collecting electrode, 5 cm 
in diameter, maintained at 600 volts positive with re- 
spect to the shell. The use of pure argon at 1.4 atmos 
pressure as the chamber gas permitted electron collec- 
tion to be employed. Periodic calibration of the over-all 
response of the system was provided by a polonium 
source mounted on the chamber; a number of alpha- 
particles from this source were allowed to dissipate 
approximately 5.2 Mev each in the gas every 15 min- 
utes. Burst sizes between 0.7 and 20 Po-alpha could be 
detected. 

Pulses due to ionization taking place in the chamber 
gas were magnified by a linear amplifier (rise time 3 
usec, decay time 50 usec), before being fed to the tele- 
metering circuit. Here they were converted to a form 
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Fic. 2. Burst rate vs atmospheric depth at 0° geomagnetic. 


more suitable for transmission and allowed to modulate 
an audiofrequency signal. A second audiofrequency 
channel carried pressure information from an aneroid 
barometer and temperature information from a tem- 
perature-sensitive resistor. The two audio channels 
finally frequency-modulated an rf channel which 
transmitted the information to the receiving station 
on the ship. There it was decoded and recorded on a 
moving strip of photographic paper. 

The contents of the gondola were protected from ex- 
tremes of temperature by a cellophane wrapping, the 
chamber being shielded from the direct rays of the sun 
by a layer of aluminum foil. The gondola was lifted by 
a cluster of Dewey and Almy J-2000 balloons which 
gave a rate of rise around 500 ft/min to a maximum 
altitude between 80,000 and 100,000 ft. In some flights 
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Fic. 3. Burst rate vs atmospheric depth at 29° geomagnetic. 


data were obtained during the descent as well as the 
ascent. 


Ill. EXPERIMENTAL RESULTS 


Three flights were carried out at the geomagnetic 
equator, one at 29°N, and one at 35°N. A summary of 
information pertaining to these five flights is presented 
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Fic. 4. Burst rate vs atmospheric depth at 35° geomagnetic. 











N. 











BURSTS / MIN > | Po ALPHA 








$ OBSERVED RATE 


—— ESTIMATED RATE OUE TO — 
HEAVY PRIMARIES 


8) EE ARS, 








00 20030000 500 
ATMOSPHERIC DEPTH G/CM? 





. 5. Burst rate vs atmospheric depth at 52° 
geomagnetic (T. Coor, reference 5). 


in Table I, together with the corresponding data for 
the two flights made with an identical chamber by 
Coor at 52°. 

Figures 2 to 5 show the variation of the burst rate 
with atmospheric depth. The rates given are for all 
bursts greater than 1 Po-alpha in size, averaged over 
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Fic. 6. Comparison of differential pulse size distributions 
at 50 and 100 g/cm? at 0° geomagnetic. 
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one or more 5-min intervals. In the 0°-latitude case 
the results for the three flights, which show no signifi- 
cant differences, have been averaged together. All rates 
have been corrected for the background rate at sea 
level, due principally to alpha-particles from radioactive 
materials in the chamber walls. 

Despite the poor statistics, the most noticeable fea- 
ture of Figs. 2 to 5 is the apparent maximum in the 
burst rate at 0° at a depth of about 100 g/cm*. At 29° 
there appears to be a plateau in this region, while at 
35° the data between 40 and 80 g/cm? are uncertain, 
so that it is difficult to determine the shape of the 
curve. At 52° there is no sign of either a maximum or a 
plateau. A check on the sizes of the Po calibration pulses 
showed that the effect at 0° could not be due to changes 
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Fic. 7. Latitude variation of burst rate. 


in the gain of the equipment, a fact supported by the 
reproducibility of the results in different flights. Pulse- 
size distributions plotted around the minimum at 50 
g/cm* and around the maximum at 100 g/cm? show 
that the rate at the latter depth was consistently greater 
over the range of burst sizes observed (Fig. 6). Thus, 
the effect cannot be due to spurious pulses of one par- 
ticular size, nor is it likely to be the result of a statistical 
fluctuation. The data at the lower latitudes, thus, 
indicate a real maximum in the cosmic-ray burst rate 
well below the top of the atmosphere. 

Figure 7 shows the latitude variation of the burst 
rate at two different altitudes. It is of interest to note 
that at high altitudes (20 g/cm?) the rate increases by 
a factor of 6 between 0° and 52°, whereas at a depth of 
200 g/cm? this factor is only 3. 
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IV. DISCUSSION 


Three types of phenomenon should be able to pro- 
duce detectable bursts in the chambers used: electron 
showers, heavy primary nuclei, and nuclear disintegra- 
tions in or near the chamber walls. Of these, the con- 
tribution of the first is negligibles** and that of the 
second can be estimated from other measurements; 
therefore, the rate due to nuclear disintegrations can 
be found. 

In order to estimate the rate due to heavy primary 
nuclei, one needs to know what charge a relativistic 
nucleus must have before it can cause a burst greater 
that 1 Po-alpha by ionization in passing through the 
chamber. On the assumption that all 6-rays of energies 
less than about 200 kev dissipate most of their energies 
in the chamber gas, the Bethe-Bloch formula gives a 
mean energy loss of 70 kev for singly charged primaries 
crossing the chamber. (A mean path length through 
the chamber of 20 cm has been used here.) Taking the 
energy loss to be proportional to Z?, one finds that pri- 
mary particles of charge 9 or greater should produce 
bursts greater than 1 Po-alpha. The flux of such par- 
ticles at the top of the atmosphere at 52° can be esti- 
mated from the measurements of Bradt and Peters” 
to be 0.55+0.16X 10- nuclei cm~ sec sterad™ ; the re- 
sulting burst rate is 150/min. Assuming isotropic in- 
cidence, so that the variation with depth, ¢, is of the 
form N(t)=N(0)[e-“#+E,(—t/L)], and using for L 
the collision mean free paths measured as a function of 
charge by Bradt and Peters, one arrives at the curve of 
burst rate vs altitude shown in Fig. 5 (solid line). From 
the preliminary energy spectrum for heavy primaries 
calculated by Vallarta and the geomagnetic cut-off 
energies'* © at 0°, 29°, and 35°, one can now estimate 
the heavy-primary fluxes at these latitudes and thence 
obtain the corresponding curves of burst rate vs altitude. 
These are shown in Figs. 2, 3, and 4. 

It may be worth emphasizing that the burst rates 
just calculated arise from particles of such high specific 
ionization that they cause bursts greater than 1 Po- 
alpha simply in passing through the chamber. Such 
particles are detected with 100 percent efficiency, in 
contrast to ordinary star-producing particles which are 
detected with an efficiency of the order of 1 percent. 
Thus, at the altitudes where heavy primaries exist in 
appreciable numbers their contribution to the burst 
rate is disproportionately large. 

The results of subtracting the estimated heavy pri- 
mary rates from the observed total rates are shown in 
Figs. 8 to 11. (The errors shown include the statistical 
errors in the burst measurements and in the heavy- 
primary fluxes, and an estimate of the possible error 
due to approximations in the calculation of the heavy- 
primary rates.) The burst rate now exhibits a maximum 


“2H. L. Bradt and B. Peters, Phys. Rev. 77, 54 (1950). 
3M. S. Vallarta, Phys. Rev. 77, 419 (1950). 

4M. S. Vallarta, Phys. Rev. 74, 1837 (1948). 

16 G. Lemaitre and M. S. Vallarta, Phys. Rev. 43, 87 (1933). 
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Fic. 8. Nuclear disintegration rate vs atmospheric depth 
at 0° geomagnetic. 


at all latitudes, the position of this maximum being 
nearer the top of the atmosphere at higher latitudes. 
The depths of the maxima at 0°, 29°, 35°, and 52° re- 
spectively are approximately 100, 70, 60, and 50 g/cm’. 
Because of the rather large uncertainties in the heavy- 
particle correction, these positions become progres- 
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Fic. 10. Nuclear disintegration rate vs atmospheric depth 
at 35° geomagnetic. 


sively less well defined with increasing latitude, until 
at 52° the data are not inconsistent with a mere leveling 
off of the star rate at the top of the atmosphere. On the 
other hand, the maximum at 0° appears even before 
the heavy-particle correction is made, so that its posi- 
tion depends but slightly on that correction. 

These results indicate strongly that a large fraction 
of the nuclear disintegrations capable of producing 
bursts in a thin-walled ion chamber are initiated by 
secondary particles which multiply in the atmosphere 
by a cascade process. Since 1-mesons travel a negligible 
fraction of a mean free path in air before decaying, 
these secondary particles are presumably nucleons. 

The variation of latitude effect with atmospheric 
depth now finds a ready explanation. At very high 
altitudes the cascade has not had a chance to develop 
fully ; the increase by a factor of 6 between 0° and 52° 
is comparable to that of the primaries.’* At a depth of 
200 g/cm? the primaries at the equator, possessing 
higher average energies than those farther north, have 
given rise to more secondaries through a longer cascade ; 


‘6 Winckler, Stix, Dwight, and Sabin, Phys. Rev. 79, 656 (1950). 
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Fic. 11. Nuclear disintegration rate vs atmospheric depth 
at 52° geomagnetic. 


the increase between 0° and 52° is only 3. This latter 
value is comparable to that found for bursts and fast 
neutrons at 300 g/cm? by Simpson” and rather less 
than that found by Yuan'* for slow neutrons. It pro- 
vides another indication of the close connection between 
bursts and the nucleonic component. 

A comparison of these results with nucleonic cascade 
theory will be made in a forthcoming paper by 
S. Schweber and A. S. Wightman. 
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men of the U. S. S. Norton Sound for their cooperation 
throughout the expedition, Mr. Robert Price for his 
help in the preparation and execution of the flights, 
Miss H. Maginnis for assistance in the reduction of the 
data, and Dr. G. T. Reynolds for his continuing en- 
couragement and advice. 


17 J. A. Simpson and R. B. Uretz, Phys. Rev. 76, 569 (1949) ; 
. A. Simpson and E. Hungerford, Phys. Rev. 77, 847 (1950). 
181. C. L. Yuan, Phys. Rev. 78, 325 (1950). 
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Interpretation of the Decay Scheme of K* 


P. Morrison 
Department of Physics, Cornell University, Ithaca, New York 
(Received December 11, 1950) 


The three ground states and one excited state of the three nuclei involved in the disintegration of K® are 
assigned parity and angular momentum values which are essentially unique. The rates of all measured transi- 
tions and such energy differences as are well known are used for the assignment, which depends on the j-j 
coupling shell model, the Gamow-Teller selection rules, and certain empirical groupings of beta-ray life- 
times. Appreciable K-capture directly to the ground state of A® can be excluded on these quasi-theoretical 


grounds. 


I. INTRODUCTION 


HE-~ decay scheme of the natural radioactive 

isotope, K*°, has received very extensive study 
both because of the inherent interest of its unusual 
nuclear properties and because of its high importance 
for the history of the earth. From data now available, 
using very plausible assumptions based on the. shell 
model and on general beta-decay theory, a consistent 
interpretation of the decay scheme is given, with an 
identification of the quantum numbers of the three 
ground states and the one excited state involved. This 
interpretation also serves as an aid in the examination 
of certain experimental results which are still ambiguous. 


Il, ANALYSIS OF THE DATA 


The experimental data adopted are presented in 
Fig. 1\The experimental errors in the energy measure- 
ments are indicated. The assignment of the gamma-ray 
to the excited state, e, of the A‘® nucleus is made both 
because no beta-rays have energies higher than that of 
the gamma-ray, and because of the experimental 
absence of beta-gamma coincidences! The partial 
transition probabilities are given in Table I. 

The two data most uncertain are the amount of 
K-capture to the A*° ground state, and the mass dif- 
ference, 5, which, with the well-known gamma-ray 
energy, determines the energy of the excited state (A‘),. 
Both of these numbers will be fixed more reliably on the 


basis of the present interpretation. 
ato «40 co4? 


E_+1.36 £03 Mev") 


8+0.34 0.08 Mev”? 





Fic. 1. The observed decay of K. The energies given are the 
measured values. (a) D. Alburger, Phys. Rev. 78, 629 (1950); 
(b) T. Roberts and A. O. Nier, Phys. Rev. 79, 198A (1950); (c) P. 
Bell and J. Cassidy, Phys. Rev. 79, 173 (1950). 


1 Meyer, Schwachheim, and de Souza Santos, Phys. Rev. 71, 
908 (1947). 


The shape of the beta-ray spectrum has been 
measured fairly accurately ;? it is apparently, that to be 
expected for a third-forbidden transition of Greuling’s 
types 3A or 3T. (Fourth-forbidden transitions involving 
the non-Gamow-Teller coupling types may lead to the 
same shape.) The lifetime is consistent with an em- 
pirically third-forbidden transition, although again this 
could arise from vector coupling, depending on parity 
changes.’ In an interesting communication, which was 
unfortunately based on preliminary and now evidently 
misleading experimental data, Fireman‘ has shown how 
the ratio, Ax,/A+, which is almost independent of any 
nuclear matrix elements, depends on the total energy, 
E,, which is available for positron emission. A recal- 
culation of this ratio, using the approximation? for low 
values of Z, yields the results given in Table II, which 
differ slightly from those of Fireman. 

Now from the shell model, say, in the j-7 coupling 
form,’ we can write the configurations for the three 
ground states concerned very plausibly as shown in 
Table III, using an obvious notation. 

The change of parity indicated justifies the use of the 
Gamow-Teller coupling, assigning the transitions to the 
terms 3A or 3T. No way is available in this decay 
scheme for distinguishing between tensor and axial 
vector. Both shape and empirical lifetime fit well; and 
the transitions thus satisfy the selection rules: AJ =3, 
parity changes. The ground-state characters are then: 
Ca* and A*, J=0, even; and K*, J=4, odd. The 


Taste I. Partial transition probabilities. 








K*#—+(Ca®),+8_, A_=(1.54+0.06) x 10-” sec™.* 

K*#—+(A),+8,, A,: (not observed, less than 5X 10~_).> 

K+ (e-)xk—(A®),, Axe/A_=0.13+40.01, from the observed gam- 
ma-ray yield.* 

K+ (e~)xk—(A”) ,, Ake+Axkg, the total K-capture, is given by the 
measurement of Auger electrons,* and by the abundance of 
radiogenic argon. (Axe+A,)/A-=0.1340.04. Ax, is not ob- 
served separately. 








« G. Sawyer and M. Wiedenbeck, Phys. Rev. 79, 490 (1950). 

> Private communication from Mr. S. Colgate. The very low limit 
(A4/A~ <2 KX1075) given in reference c to Fig. 1 could not be confirmed by 
recalculation from the published data. 

*D. Alburger, Phys. Rev. 78, 629 (1950). 

+E. Greuling, Phys. Rev. 61, 568 (1942). 

‘E. Fireman, Phys. Rev. 75, 1447 (1949). 

5M. Mayer, Phys. Rev. 78, 16 (1950). 
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transitions can be assigned to the change of a single 
particle state as follows: 


(a) B_: frj2"—>d3/2;_ (b) By(or Ky): d3;2?—>fr/2”. 


It is now almost inescapable that one sets the nuclear 
matrix elements of these two similar transitions equal, 
or at least nearly so. Under this assumption we can 
compute quantities, A, which are proportional to the 
transition probabilities, as shown in Table IV. 

From Tables II and IV and the observed energies 
it follows that the value of \x,/A4 lies between 0.01 and 
0.08. Since experiment®’ indicates that within the 
rather sizable error the total branching ratio to 
K-capture does not differ from that to gamma-emission, 
one infers that the lower value of around 0.01 is correct, 
and that the K*°—(A*°), atomic energy difference is 


TaBLe III. Ground state of configurations. 








Nucleus Zz 


N( =A —-Z) Configuration 


20 20 closed shell 
(d3j2)~?( fra) ** 
(dsy2)~*?( fzj2) *" 


Ca* 
a” 19 21 
A“ 18 22 








close to 3.1mc?. We conclude then that direct K-capture 
to the ground state cannot contribute heavily to the 
decay of K*°. At most, the process can give a few percent 
of all transitions. This conclusion is confirmed by the 
latest experiments,* and seems to provide an additional 
basis for disregarding the high upper limits given by 
several experimenters for possible K-capture. This con- 
clusion is so decisive for certain geophysical problems 
that it is very satisfactory to find some theoretical 
argument to bolster the difficult experiments. 

Now consider the K-capture to the excited state 
(even here, L; electrons and those of all higher shells are 
unimportant), using the energy difference obtained 


TaBLe IV. Transition probabilities (unnormalized). 








8.2 108 
1.15 104 
1.8 104 








® Hess, Brown, Patterson, and Ingraham, Phys. Rev. 81, 298A 
(1951 

7G. Sawyer and M. Wiedenbeck, Phys. Rev. 79, 490 (1950). 

8 T. Graf, Phys. Rev. 79, 1014 (1950), and the references given 
there. 


from the smallness of capture to the ground state. 
Assuming only as a zeroth approximation that the 
nuclear matrix elements are the same for the two 
K-capture transitions, we can write a relation for their 
lifetimes, in which the nuclear radius R= 1.4X 10~"*- At 
cm enters: 


logio(AKe NK) 
=2 logioV(m)+(2n+2) log(Ex,/Exe) — 1.4(2n—6). 


Here n is the degree of forbiddenness for the excited 
state K-capture, and N(m)=1-3---(2n+1)/1-3-5-7. 
Evaluating this expression for various choices of n, we 
can conclude that the transition is at least first for- 
bidden, and not as slow as second forbidden. It is very 
slow among transitions with n=1; it is in fact about 
intermediate between n=1 and n=2. The value of the 
familiar product logio(ft1/2) is about 8, with f calculated 
as for an allowed transition. Nordheim® and Shull and 
Feenberg'® have pointed out that a whole set of beta- 
transitions exists with values of ff1/2 in this range. Such 
transitions correspond to AJ = 2, but with parity change, 
which can be described in the language of the j-7 
coupling model as AJ=2, AL=1. Now, if theffirst 


at 
Ax tQUSA. _- 


-014 Mev ¢e———— 
Js2,even 


AqgwI% AL 
Ay~lo4a _ 
g ~ 1.36 Mev 
1,59 Mev g 30, 000n 
J=0,even 


Fic. 2. Complete decay scheme and level assignments for K*°. 
The estimated atomic mass differences are shown. 


excited state in A*° belongs to the same configuration 
as does the ground state, as one might expect, the 
transition is just d3/2—f72 with AL=1. One of the 
possible equivalent levels in this configuration, indeed 
one of the most plausible, is that with J=2, even. This 
assignment then fulfills the empirical requirements of 
the beta-decay theory, AJ=2, AL=1. 


Ill. THE DECAY SCHEME OF K* 


The proposed decay scheme, which satisfies all 
demands of the beta-decay theory with Gamow-Teller 
coupling and of the j—j coupling shell model, allows the 
assignment of ail four nuclear states and determines all 
lifetimes at least approximately. This assignment is 
given in Fig. 2. 

The gamma-ray is an ordinary electric quadrupole 
transition on this scheme, with an expected lifetime of 
about 10-” second. It is known empirically only that 
its lifetime is short compared with the time required for 
diffusion of argon out of a beaker full of boiling KOH, 


®L. Nordheim, Phys. Rev. 78, 294 (1950). 
10 F. Shull and E. Feenburg, Phys. Rev. 75, 1768 (1949). 
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say, a few seconds." This is enough to exclude the 
possible assignment J=6 for the level e, which would 
otherwise be acceptable. The internal conversion of the 
quadrupole gamma-ray by electron or pair emission is 
very improbable. No positrons have yet been observed 
in spite of fairly careful search. Further confirmation of 


“a See reference b of Table I. 
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the scheme seems possible but not easy, either by 
looking still more closely for the predicted positrons or 
by improving the accuracy of the K-capture and 
gamma-ray yield measurements considerable. 

It is a pleasure to acknowledge interesting discussion 
with Professor E. P. Wigner, and the computational 
assistance of Mr. J. Goldstein. 
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Origin of Cosmic Radiation 


CHANG-YUN FAN 
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois 
(Received September 14, 1950) 


Starting from Fermi’s theory of the origin of cosmic radiation, an explanation of the observed shape of 
the energy spectrum of the proton component is suggested. On this basis there seems to be some indication 
that the majority of the protons originate from the nucleus of our galaxy. Assuming that the nucleus of the 
galaxy is a cluster of stars, the origin of the heavier nuclear components and protons of cosmic radiation 
can be explained on the same basis providing that an ordinary star can eject high energy particles (up to one 
Bev per nucleon). The observation of the effect of the sun on the heavier nuclear components may give a 


critical test of the theory. 


The trapping magnetic field, if any, of the galaxy has a negligible effect on the energy spectra of cosmic 
radiation observed on the earth. The age of the galaxy is estimated to be greater than two billion years. 


I, INTRODUCTION 


ECENT measurements of the proton component 
of the cosmic radiation’? show that the differ- 
ential energy spectrum indicates a maximum at the low 
energy end with a gradually increasing slope toward 
high energies. In this paper, which is based on Fermi’s 
theory of the origin of cosmic radiation,* an explanation 
of this effect is suggested and a hypothetical picture 
describing the origin of cosmic radiation is then deduced. 
Fermi’s theory is based on the assumed existence of 
wandering magnetic clouds in interstellar space. Ac- 
cording to this theory a charged particle will gain energy 
by a “head-on collision” with a magnetic cloud and will 
lose energy by an “over-taking collision;” but since the 
chance of a collision of the first type is larger than one 
of the second type, there is an average energy gain per 
collision. This is given by éw=B*w, where w is the 
energy of the particle (including rest energy) before the 
collision, and B is the velocity of the wandering cloud 
in units of the velocity of light. If the initial energy of 
the particle exceeds a certain threshold value so that 
the loss of energy in passing through the interstellar 
medium between collisions can be compensated by the 
gain, the particle will be accelerated and will become a 
cosmic-ray particle. 

The wandering magnetic clouds are presumably 
eddies in interstellar space. They are stirred up by the 
rotation of the galaxy. Recent reports on the polariza- 
tion of starlight when passing through interstellar clouds 

1 Winckler, Stix, Dwight, and Sabin, Phys. Rev. 79, 656 (1950). 


2 J. A. Van Allen and S. F. Singer, Phys. Rev. 78, 819 (1950). 
3. Fermi, Phys. Rev. 75, 1169 (1949). 


seem to support the existence of the magnetic nature of 
these clouds.*~* The existence of the wandering mag- 
netic clouds indicates that Fermi’s mechanism must 
account for at least a part of the cosmic radiation. We 
shall start with Fermi’s mechanism as a fundamental 
basis and investigate the spatial distribution of sources 
of protons which will produce the observed spectrum 
of the primary proton component. 

Assume that protons originate from some source at 
a distance r from the earth and that some of them 
reach the earth after many collisions. Applying the 
principle of random flight, we are able to deduce the 
energy distribution of these protons as a function of r. 
Thus, the energy spectrum of the proton component is 
determined by the spatial distribution of the proton 
sources. Several types of spatial distribution were in- 
vestigated, and it was found that the observed energy 
spectrum seems to indicate that the majority of cosmic- 
ray particles originate from the nucleus of our galaxy. 

The nucleus of our galaxy is presumably a cluster of 
stars. If stars are able to eject high energy particles 
(up to one Bev per nucleon), as proposed by different 
authors,” * then our finding might mean that cosmic-ray 
particles originate from stars and are then accelerated 
in interstellar space according to Fermi’s mechanism. 
However, if normal stars are unable to eject high energy 
particles, we are forced to assume that a series of some 


4 J. S. Hall, Science 109, 166 (1949). 

5 W. A. Hiltner, Science 109, 165 (1949). 

*L. Spitzer and J. W. Tukey, Science 109, 461 (1949). 

7 F. Hoyle, Monthly Notices Roy. Astron. Soc. 106, 384 (1947). 
* K. Kiepenheuer, Phys. Rev. 78, 809 (1950). 
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sort of explosions occurred in the nucleus many ages 
ago. It is hard, at present, to tell which possibility is 
closer to the truth, but if we assume that primarily the 
heavier elements are ejected from stars and that protons 
are the break-up products of these elements by colli- 
sions with the interstellar gases, then the first mecha- 
nism would give the correct relative abundances of the 
different components in cosmic radiation and the day- 
night difference of the intensities of the heavier nuclear 
components would follow as a direct consequence.*® De- 
tailed discussions will be given in Secs. IV and V. 

The following data concerning our galaxy and solar 
system are used for calculations and for comparison: 


(1) Radii of our galaxy: Ri:=4.63 X 10” cm, Ro= R,/5. 

(2) Average distance between stars: 1.710" cm. 

(3) Average density of the interstellar matter: 10-* 
g/cm’. 

(4) Solar system: Near meridian plane of the galaxy 
and 3.09 10” cm from the center. 


Il. THE MECHANISM OF ACCELERATION OF THE 
PROTON COMPONENT 

The mechanism of acceleration of the proton com- 
ponent is described in Fermi’s paper.’ In order to use 
it as a basis for further deductions, we reproduce it here 
with some slight alterations. 

A charged particle gains energy by “collisions” with 
wandering magnetic clouds in interstellar space. The 
average energy gain per “collision” is given by: 


bw= Bw, 
J. J. Lord and M. Schein, Phys. Rev. 80, 304 (1950). 


where w is the energy (including the rest energy) of the 
particle before “collision,” and B is the average velocity 
of the magnetic clouds in units of the velocity of light. 
The value of B is taken to be of the order of 10~ in 
accordance with the value given in Fermi’s paper. If ¢ 
is the energy loss in passing through the interstellar 
matter between collisions, then the energy of the par- 
ticle after NV collisions is given by: 

w(N)= (1+ B*)[w(N—1)—e], (2) 
if it is not eliminated by nuclear collisions with interstellar 
gases. 

Let p be the average density of the interstellar matter, 
D be the average length of path traversed by a proton 
between collisions, and g be the energy loss of a proton 
per g/cm? of material traversed. Then e= gpD. 

The value of q is tabulated in Fermi’s paper and can 
also be deduced from Smith’s results.!° For high energy 
protons it is easy to show that the energy dependence of 
q can be represented adequately by the following form: 

q=a+b/(w—ah)*, (3) 
where h= Dp/B? and a, b, and x are three adjustable 
constants. This form enables us to integrate Eq. (2) 
exactly. Agreement with the results of Fermi and Smith 
is achieved by suitably altering the three constants a, 
b, and x, after we determine the value of / in the next 
section. 

On inserting the value of ¢ in Eq. (2) and then per- 
forming the integration, we get: 

{ [w(N)—ah]}**+'—bh} 
= {[w(0)—ah]*!— bh} exp[(x+1)B?N], (4) 
if we neglect unity as compared with 1/B*. 

It is clear from Eq. (4) that a particle will undergo 
an acceleration or a deceleration according to whether 
w(0) is greater or less than [(bh)!/*+)+ah]. Thus, 
[ (bh) e+) + ah], is the minimum initial energy for sub- 
sequent acceleration, and this value minus the rest 
energy of the proton is called the injection energy of the 
proton in Fermi’s paper 

If we put 

[w(N) —ah]*+!— bh) e+) ‘ 
y= ——_—__——— ; 5 
> [w(0)—ah]*+!—bh we 


then Eq. (4) becomes simply 
y=exp(B*N). 


Ill. THE SPECTRUM OF THE PROTON COMPONENT 


Recently, Winckler, Stix, Dwight, and Sabin’ ana- 
lyzed the spectrum of the proton component. They 
combined their measurements in the range of E~4 Bev 
to E~14 Bev with Hilberry’s spectrum" in the high 
energy region and with other measurements in the low 
energy region in order to produce a smooth curve over 
the entire range. Modifying their curve slightly at the 
junction of their results and the extension of Hilberry’s 


10 J. H. Smith, Phys. Rev. 71, 32 (1947). 
1 N. Hilberry, Phys. Rev. 60, 1 (1941). 
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spectrum to make a smoother connection, and convert- 
ing the integral energy spectrum to a differential energy 
spectrum, we have the solid curve given in Fig. 1. The 
slope of each section of the curve is shown in the same 
figure. Using Fermi’s acceleration mechanism as basis, 
we now investigate the nature of the proton source 
which will produce this spectrum. 

Let Sdt protons of w(0) greater than the minimum 
initial energy be injected at some point at a distance r 
from the earth in a time interval dt at t=0. Some of 
them will reach the earth after many collisions with the 
wandering magnetic clouds. If r is much larger than the 
average linear distance, L, traversed between collisions, 
so that the principle of random flight is valid, then the 
probability density of finding those protons at time / 
on the earth is 


Po(r, t)dt=[Sdt/(2r#)*] exp(—r2/2#) 


provided the loss of protons caused by nuclear collisions 
with interstellar gases is neglected. Here #=2NL?/3, 
and N is the total number of collisions in (0, 4). 

The absorption cross section of a fast proton per 
nucleon due to nuclear collision is ¢,~ 2.5 10-6 cm?. 
Let A\=M/app be the absorption mean free path and 
T=}/i be the absorption lifetime, where M is the mass 
of proton, p is the average density of the interstellar 
matter, and 0 is the average velocity of the proton. Then 
the probability of finding a proton of life greater than / 
is exp(—t/T). Taking this factor into account, the 
probability density of finding the protons which origi- 
nated from a distance r at ‘=0 on the earth is then 
equal to 


dt 
P(r, t)dt= ——— exp(—?r°/2#) exp(—t/T) (7) 
(24#)! 


us 


for S=1. 
Putting s=o,h/M and R?=4L?/3B* for simplicity, 
we have from Eq. (6) and the relation it= VD, 


sT dy 
P(r, y)dy=————— exp(—7°/R* Iny)—-._ (8) 
(wR? Iny)! yits 
The spectrum of the primary proton component de- 
pends, therefore, on the position of the source from 
which protons originated. 
(A) 
Case 1. The source is uniformly distributed throughout 
the whole galaxy and ejects gases at a constant rate. 
The spectrum of the proton component observed on 
the earth for a source ejecting gases at a constant rate is 
given roughly by: 


f(E\dE= f ' S(E) P(r, y)(dy dE) dad |, (9) 
Ei Vv 


where S(Eo)dEodr is the number of protons of kinetic 
energy between Ey and Ey+dEp ejected from dr per 
unit time, Z; is the minimum initial kinetic energy, and 
V is the volume of the galaxy. If the distribution of the 
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sources is uniform throughout the whole galaxy, as is the 
case, for instance, with the randomly distributed super- 
novae, the value of Eq. (9) is then approximately: 
B 

Eo*S(Eo)dEo, 


f(E\dE= (TsdE/E™*) (10) 


Bi 
when we put y= E/E, (see next Section) and neglect 
the small difference in the high energy region due to the 
finiteness of the dimension of the galaxy. 

As far as present knowledge goes, the mechanism of 
ejection of high energy particles from stars (being simi- 
lar to the explosions in supernovae, according to the 
most recent speculations) gives, at maximum, energies 
up to only a few Bev per nucleon. For E> the maximum 
initial kinetic energy per nucleon, Eq. (10) becomes 
simply 

f(E\dE=(K/E* dE, 
where K is a constant. This is the well-known inverse 
power law, which is a good approximation only in the 
high energy region. 

It must be noticed that a uniform source, even if it is 
very weak, yet may make an important contribution to 
the low energy region. This can be seen from the rapid 
increase of f(Z) with decreasing E in Eq. (10). 

(B) 

Case 2. “Point source.” Equation (8) gives the spec- 
trum of the proton component if the protons originate 
from a “point source” emitting at a constant rate with a 
definite initial energy. It is clear that Eq. (8) consists of 
two factors: the first contains (Iny) as an argument and 
is important for small values of y, while the other is 
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important for large values of y. P(r, y) increases rapidly 
from zero to a maximum and then decreases. It varies 
as 1/y'** when y=exp(2r*/3R?) and becomes gradually 
steeper than 1/y'** with increasing y. This feature, 
together with the shape of the experimental energy 
spectrum, suggests s=1.5 in Eq. (8). From this value 
of s (=¢,h/M), the following results can be obtained: 

(a) h=Dp/B*=100 g/cm?; D~10'8 cm. 

(b) By adjusting the constants a, 6, and x in Eq. (3) 
to fit Fermi’s and Smith’s results, the energy loss of a 
high energy proton per g/cm? of material traversed in 
the interstellar space can be represented by: 

g=[4.5+1.3/(w—0.45)4]X 10-3 Bev/g/cm?. (11) 
The comparison of Eq. (11) and the exact results is 
shown in Fig. 2. 

(c) The minimum value of w(0), denoted by w(0);, 
is given by [(w(0);—0.45)5—0.31]=0 which gives 
w(0);=1.12 Bev. The injection energy is, therefore, about 
0.2 Bev. 

(d) The value of y is then 

[ee] ; 
(w(0)—0.45)°—0.13 } 





For large w(V), 

y= k(w(NV)—0.45) =kE, 
where k=1/[(w(0)—0.45)5—0.31]"5. If w(0) is also 
large, y is simply equal to E/E», where £, is the initial 
kinetic energy. The dependence of w() on y for k=1 
is given in Fig. 3. 

The adjustment of Eq. (8) to fit with the experimental 
curve is facilitated by the fact that when we plot Eq. (8) 
on log-log paper the shape of the curve is not altered if 
we assume a different initial energy or multiply by an 
arbitrary constant. Therefore, taking k to be unity and 
fitting our curve with two arbitrary points of the experi- 


mental result (we take E=7.4 Bev and 20 Bev), we get: 

P,(r, y)=[115/(Iny)*Je“7-4/94(1/y?5), (13) 
The comparison with the experimental results is shown 
in Fig. 1, where the theoretical curves of different initial 
energies are obtained by mere linear translations. A 
change of the parameter w(0) causes a horizontal trans- 
lation, and an arbitrary multiplier is introduced to 
effect a vertical linear translation, which brings the high 
energy portion of the curves to coincidence except for a 
small discrepancy which is not indicated. 

The above results indicate that a “point source” 
seems to be a close guess. If this is not merely a coinci- 
dence, then the assumed source is probably the nucleus 
of our galaxy because it is the only place, as far as we 
know, which can supply the necessary energy. Assume 
that D~L and p~10-*4 g/cm, we find from the value 
of h and of r?/R? that the distance of our assumed source 
is just the distance of the center of our galaxy from the 
earth, 3.1 10” cm. 

(C) 


Discussion—the low energy end of the spectrum. Before 
we give a detailed discussion of Case 2, we should 
emphasize one point which is, perhaps, the weakest part 
of the whole picture presented in this paper. 

Our speculations have been based on the experimental 
results of Winckler ef a/.,1 and we have indicated that 
the most probable spatial distribution of proton sources 
is that which would most closely produce these results. 
But we have ignored the possibility that the observed 
spectrum may be distorted. Thus, the following facts, 
for instance, have not been considered: (1) the spectrum 
may be distorted by the magnetic field of the sun; (2) 
the observed cosmic-ray protons are presumably mixed 
up with the protons produced through nuclear collisions 
by cosmic-ray protons which we have considered as lost 
in our calculations. The dipole magnetic field of the sun 
probably affects only low energy particles,” but the 
secondary protons will distort the spectrum even up to 
the high energies. The purpose of the following dis- 
cussions is to show that the distortion seems unlikely to be 
large except at the low energy end. 

The protons produced through nuclear collisions by 
cosmic-ray protons tend to distribute themselves uni- 
formly throughout the whole galaxy. These protons will 
be again accelerated according to Fermi’s mechanism. 
Thus, we may consider these secondary protons as a 
uniformly distributed source, and, therefore, Eq. (10) 
is applicable for this case except that E does not have a 
definite maximum. 

Differentiating Eq. (10) with respect to E, we have: 

S(E)=(1/Ts)[(1+s)f(E)+ Ef (E)]. 


Let us put 
f(E)=kK/E?. 


2 The dipole magnetic field of the sun was proposed in 1939 as 
an explanation of the cut-off of the energy spectrum below 4 Bev. 
Now it is believed that the magnetic field is perhaps much weaker 
than thought before. 
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Here K is a constant, and & and x are slowly-varying 
functions of E; x varies from some negative value to 
1+, and k varies from 0 to 1. Then 

S(E) = (1+s—x)f(E)/Ts. 

The last equation shows that if the secondary protons 
are principal sources, S(Z) would have a maximum at 
E=1 Bev as f(E). This seems unlikely to be the possible 
energy spectrum of the protons produced by cosmic-ray 
protons through nuclear collisions. Arguing on this 
basis, the turning-off of the primary energy spectrum 
indicates perhaps that S(£) is rather small. It is, there- 
fore, considered together with supernovae as a source 
which plays an important part only in the low energy 
region and will not be mentioned in the next section. 


IV. GENERAL DISCUSSION OF THE SOURCE 


The nucleus of our galaxy is presumably a cluster of 
stars. The density of stars in our galaxy might be put 
in the following form: 

D(a) =(Do/a) exp(—a?/a;”), (14) 
where a is the distance measured from the center of our 
galaxy, and D, and a» are two constants (a simplified 
form of Oort’s description of our galaxy). If stars are 
able to eject high energy particles (up to 1 Bev per 
nucleon) as proposed by different authors,’ * then our 
result would mean that the cosmic radiation originates 
from stars and is then accelerated according to Fermi’s 
mechanism in interstellar space. In fact, if we integrate 
Eq. (8) over the whole space with the weight function 
(14), we obtain a curve similar to that of Fig. 1 except 
that the maximum of the spectrum shifts toward lower 
energies. This is to be expected since the distribution 
(14) is highly concentrated. When we choose Ey= 1 Bev 
and a)=r°/7.4 for simplicity (r is the distance from the 
earth to the nucleus), the maximum occurs at E~ 2 Bev. 

On the other hand, if stars are unable to eject high 
energy particles, our result would mean that something 
corresponding to a series of explosions occurred in the 
nucleus of the galaxy over an extended period of time 
many ages ago. Our galaxy belongs to the late stage of 
the normal spiral type. A normal spiral type has its 
arms fully developed before condensation occurs. This 
could be understood if the latter hypothetical mecha- 
nism were correct, because the ejection of a large 
amount of gas would result in the reduction of the mass 
of the nucleus, causing the arms to be developed by 
centrifugal force. 

At the present time it is hard to tell which of the 
hypothesis discussed above is the more nearly correct, 
but the author favors the first one, because it would 
solve the problem of the heavier nuclear components of 
cosmic radiation, as will be shown in the next section. 


V. THE HEAVIER NUCLEAR COMPONENTS OF 
COSMIC RADIATION 


(A) The Relative Abundances 


In dealing with the heavier nuclear components we 
encounter one difficulty; namely, the high minimum 
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initial energies required for subsequent acceleration. Let 
w(N) now denote the energy per nucleon of a nucleus A 
just after N collisions. Integration of Eq. (2), with ¢ as 
a constant, yields: 

[Aw(N)—«/B*]=[Aw(0)—«/B*] exp(B2N). (15) 
¢/B? (denoted by Aw(0),), is then the required minimum 
energy of the nucleus under consideration. If Z is the 
nuclear charge, the minimum initial kinetic energy per 
nucleon* (denoted by E;), is about 0.22Z7/A. 

Now let us assume that mostly heavier nuclei of charge 
Z>6 are originally ejected from the source and that protons 
and a-particles are the break-up products of such nuclei, 
resulting from collisions with the interstellar gases.\4 If the 
source is far from the earth and protons and a-particles 
exist in equilibrium with the heavier nuclei, then two 
cases must be distinguished: 


(1) w(0)2w(0); 


Let us start originally with 6 nuclei of C, N, and O 
and 2 heavier nuclei of average atomic weight, A = 30. 
The ratio 6:2 is that existing among these gases in the 
interstellar medium. Assume that the break-up frag- 
ments of a nucleus A consist of 4A a-particles and 4A 
protons and neutrons (which will decay to be protons).'® 
Take the absorption cross section of He as 


OHe= (4)!op=6.3X 10-6 cm’, 
and the cross sections of the C, N, O group as'® 
oc, n,0= 20X 10-*6 cm?, 
and that of A > 30 as'* 
ou=30X 10-6 cm?. 


Then the number of a-particles (Vue) when in equi- 
librium with nuclei of charge Z>6 is 


14 9C,N,0 30 Om 
Nue=— ——Non,o+— 


6 THe 


Nu ~ 90, 


THe 
and the number of fast protons (N,) is 


14 OC.N,O 30 Om CHe 
N Paes sae —Neo, N, ot— —N yt 4—Nu. = 1400. 


3 op 3 op op 


Thus, on the assumption that only nuclei of charge 
Z2>6 are ejected, we predict that the ratio of elements 
in cosmic radiation with energies above a certain minimum 
energy per nucleon should be 


H: He: (C, N, O):(Z2> 10) = 1400: 90:6: 2. 


This is of the order of magnitude of the observed ratio, 
as first pointed out by Bradt and Peters."® 


8 Gases ejected from stars are presumably only partially ionized. 
The stripping cross section per electron by collision is about 10-*° 
cm?*, so that we can assume that all of the nuclei are bare except 
those coming directly from the sun. 

“The absorption cross sections of the heavier elements are 
sufficiently large so that no serious errors are introduced if we 
assume that the protons originate directly from a star in calculat- 
ing the spectrum of the proton component. 

6 J. B. Harding, Phil. Mag. 11, 530 (1949). 

16H. L. Bradt and B. Peters, Phys. Rev. 77, 54 (1950). 
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(2) w(0);>w(0)> 1.12 Bev 


In this case the heavier nuclei under consideration 
are unable to be accelerated, but the break-up products, 
protons and a-particles, have their energies still above 
the minimum required energy 1.12 Bev per nucleon. 
Because the source is far away from the earth, heavier 
nuclei will be slowed down and absorbed before they 
reach the earth. 

Thus, a distant source, as the nucleus of our galaxy 
would be, for instance, gives too low abundances for 
heavier nuclear components. This difficulty can be over- 
come if we adopt the first mechanism discussed in the 
last section; that is, if we assume that stars are the 
original source of cosmic radiation. 

The closer stars give much higher relative abundances 
for heavier nuclei for the following two reasons: (1) the 
equilibrium condition has not been reached, and (2) 
low energy nuclei still have a chance to reach the earth. 
Specifically, the sun would give an important contribu- 
tion to the low energy heavier nuclear components, and, 
therefore, the day-night difference of intensities of these 
particles® would follow as a direct consequence. 


(B) The Energy Spectra of The Heavier 
Nuclear Components 


The energy spectrum of the a-particles can be ob- 
tained by the same argument as that by which we 
obtained the spectrum of the proton component. It is 
practically: 


KS(E.) dy 


P(r, y)\dy= otis. (16) 


(Iny)! ys 
for a given initial energy, where y stands for [4w(N) 
— ¢/B*)/[4w(0)—«/B*], K is a constant and S(&) is 
the number of a-particles ejected, per sec with initial 
kinetic energy Ey, (~ (4w(0)—«/B?*)). 

Equation (16) has a maximum at y~3. The value of 
the maximum is K’S(£») where K’ is a constant. Be- 
cause the spectrum for a given initial energy is so steep 
that the shape of the obserred spectrum would be then 
roughly given by: 


f(E)\dE= (dE/E)K'S(E/3) 


when we write v~ E/E. This resembles more or less 
the initial energy spectrum except that the observed 
spectrum may have a steep “tail” in the high energy 
region. 

From considerations similar to the above discussion, 
the energy spectra of the heavier nuclear components 
would all resemble the initial energy spectra.” 

It is interesting to notice that by a comparison of 
Eq. (8) with Eq. (13) we are able to estimate the total 
number of nucleons of kinetic energy > 0.2 Bev ejected 
from each stars if our hypothetical mechanism is correct. 
Let S be the total number of nucleons of w(0)>w/(0),; 


"17M. S. Vallarta, Phys. Rev. 77, 419 (1950). 


ejected per second. Then 
SsTb/3(aR?)' = 1152. 


This gives S~10* particles per second. There are 10" 
stars in our galaxy. The number of nucleons of kinetic 
energy > 0.2 Bev ejected from each stars is then 10** per 
second. This is about 10-*4 of the mass of the sun, and 
the energy is about 10~‘ of the total electromagnetic 
energy emitted per second from the sun. 


VI. THE EFFECT OF THE “REFLECTIVITY” OF THE 
GALACTIC BOUNDARY 


In this section we shall estimate the effect of the 
boundary condition of our galaxy. The question is: How 
much does the trapping magnetic field of our galaxy, if 
it exists at all, affect the spectra of cosmic radiation? If 
there is such a magnetic field and if it is strong, we can 
consider the boundary of the galaxy to be a perfect 
reflector. On the other hand, if there is no magnetic 
field to trap cosmic radiation, we can consider the 
boundary to be a perfect absorber. The theory of ran- 
dom flight with a reflecting boundary and with an ab- 
sorbing boundary provides an easy way of estimating 
this effect. 

In order to give only the qualitative features for the 
two cases, we simplify the condition as follows: We 
suppose the galaxy to be a sphere of radius a and assume 
that cosmic radiation originates only from the center 
of the galaxy. For a given initial energy, the spectrum 
of the cosmic radiation (say the proton component), is 
given by: 

Ts 
P(r, y)dy=——_——_ 
(rR? Iny)! 


, 4a(a—r)]) dy 
xexp(- — -){ Ltexp| — —| —, 
R’ Iny R* Iny J} y*5 


where the notation is the same as in Eq. (8). The plus 
sign is for a perfectly reflecting boundary, and the minus 
sign is for a perfectly absorbing boundary. For a perfect 
reflector, the spectrum will be flatter in the high energy 
region, and for a perfect absorber, it will be steeper. But 
the effect is so small that it could not be shown in Fig. 1. 


VI. THE TIME SCALE OF THE GALAXY 


If we assume that the state of interstellar space has 
not changed since the “birth” of the galaxy and that 
the protons of the highest energy in the cosmic radiation 
have been accelerated ever since, then Fermi’s theory 
serves as a new method for estimating the age of our 
galaxy. The highest proton energy observed is about 
10° Bev. Assuming that such a particle had an initial 
kinetic energy of 2 Bev, then the life of this particle is 
6X10'® sec, which is about two billion years, from 
which we conclude that the age of the galaxy is greater 
than two billion years. 
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By extending considerations given by Dyson, general rules are obtained for isolating divergent parts 
from integrals corresponding to overlapping graphs, and a proof is obtained for the appearance of an extra 
factor Z,~! from “b divergences.” In the last section the possibility of renormalization for scalar meson- 


nucleon interactions is demonstrated. 


I. INTRODUCTION 


N his treatment of spinor electrodynamics Dyson! 

has defined operators A,, =*, and II* corresponding 
to the three types of primitive divergent graphs in the 
theory. In the calculation of the contribution to T, 
arising from a reducible vertex part Vz it is possible to 
break Vr down unambiguously into an irreducible 
vertex part plus various inserted self-energy (S) and 
vertex (V) parts. The divergences introduced by the 
latter can be removed in a well-defined manner because 
any two of the insertions made in Vz are either com- 
pletely non-overlapping or else are so arranged that one 
is completely contained in the other. This procedure 
fails, however, in the calculation of the contributions 
to =* or II* from reducible self-energy graphs. Con- 
sidering, for example, the electron self-energy, there is 
just one irreducible graph W, (Fig. 1). V parts inserted 
at one of the two end vertices a or b appear simultane- 
ously as vertex insertions at the other vertex. Corre- 
spondingly, the contribution to =* arising from a 
reducible part We is, in general, an integral which 
involves divergences corresponding to each of the ways 
in which Wz might have been built up by insertion of 
V parts at either or both vertices of W;. Dyson has 
called these ‘b-divergences” and their expected effect 
is appearance of an extra factor Z,~' in his Eqs. (88) 
and (89). In order to demonstrate the possibility of 
renormalization, it is vital that this factor should 
appear ; and it is the purpose of this paper to attempt a 
formal proof. The considerations presented here throw 
some light on the prospects of renormalization for 
scalar electrodynamics. 


II. SEPARATION OF OVERLAPPING DIVERGENCES 


Dyson? (unpublished) has defined a formal mathe- 
matical procedure for the isolation of the divergent 
part from an integral representing overlapping diver- 
gent graphs. This procedure is illustrated most readily 
by an example. 

Figure 2 represents an electron self-energy graph 
which could be obtained by the insertion of a V part at 


1F. J. Dyson, Phys. Rev. 75, 1736 (1949), referred to as D II, 
in this paper. 

? The only published calculation for an integral corresponding 
to an overlapping (fourth order) graph is that of R. Jost and 
J. M. Luttinger, Helv. Phys. Acta 33 201 (1949), who have 
followed Dyson’s procedure. 


vertex a or b of Fig. 1. Here 


=(W2, p)= tf f andtsrgc, 4)Gry(p, hy, te)H,(p, te), (1) 


where 
: 1 iy(p—h)—« 
F,(?, 6s) = —1¥5-—-———— 
t? (p—h?P+e 
iy(p—hi—te)—k 
(p—h—h)+2 


Ap es 1 
w\P> *2 (p—bye2  h? 





G.y(P, hh, te) = Yr 


Not only is the double integral over é;t2 linearly diver- 
gent, but it also diverges logarithmically if the integra- 
tion is performed over either ¢; or ¢2, while the other 
variable is held fixed. In order to isolate these diver- 
gences, we use (here and in the subsequent work) the 
invariant separation procedure outlined in Sec. VI of 
D Ii. 
Rewrite Eq. (1) as follows: 


=(W2, p=e f f dtydtsLF,(p, th)GoulP, try ts) Ap, te) 


en F (po, ty)Gry(po, h, 0)H,(p, te) 
Biss F,(p, 4,)G vul Po, 0, to)H (po, te) ] 


+e fanretrn t)Gru(Po, hy, 0») 


x( fanttce b) )+e( farce, 4) 


x ( f ano, 0, te) H (po, 4), (2) 
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Fic. 2. 
where po+«=0, iypot+x=0. If 


faur.(to t)Gru(po, ti, 0) = Ley»; 


fees, 0, t.)H,(po, ty) = Loy, 
then we write 


=(W2, dae ff dnacre, hh, te) ] 


+L f roti, bites f FAC, th) yudt,, (3) 


where R(p, ti, ¢2) is the expression within square 
brackets in Eq. (2). 

The terms within the square bracket are such that if 
lt. is held fixed, the integration over ¢, is convergent if 
the first and the second terms are combined—this 
second term being obtained by putting in those factors 
of F,(p, ti)Gru(p, t, t2)H,(p, fz) which contain 4, all 
momenta other than ¢, equal to their free particle 
values—while, if ¢, is held fixed, the first and the third 
terms in the square bracket combine to give a con- 
vergent /. integration. 

Algebraically, it is impossible to find a single term 
which if subtracted might make the 4, and f, integra- 
tions convergent simultaneously. Even as it stands, 
the expression within the square brackets, is, as a 
whole, convergent neither over /; nor over ¢2, nor has 
this subtraction made any difference in its degree of 
divergence when the double integration is performed. 
However, when /, is held fixed and the integration over 
i, is performed, the third term in the square bracket 


a J fesatar.ce, t1)Gru(po, 0, t2)H (po, ta) 


can be written 


_ Cf fauacr.ce, ti)—F, (po, ty) 


x9 (p— po)(9 Op) F u( po, ti) }(Gru(po, 0, t.)H (po, t))) 


- ( f dty(F (po, tr) + (p— po)(0/9)F (po, 4))) 


x¢ fats, 0, t.)H,(po, t)). 
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The integrand in the first angular bracket, { ), above 
is absolutely convergent as far as the /, integration is 
concerned, while the second angular bracket, ( \ ), 
is a product of a divergent constant L, with a term of 
the form A+B(yp—ix). Hence, with f2 fixed, the 
integral of R(p, ti, t2) over 4, consists of an absolutely 
convergent part together with a divergent part, the 
latter being unambiguous and fully determinate. Since 
a similar result holds for f2, we can say that the expres- 
sion in the square bracket is “convergent” in a special 
sense over both the /, and ¢y integrations. It is to be 
emphasized that this has been made possible because, 
in the second (and also the third) term in the square 
bracket, the overlap factor G no longer appears as 
a function of two variables and so the integrand 
F (po, t1)Gru( po, ti, 0)H,(p, tz) splits into a product of 
two functions, each a function of a single variable. 

In order to obtain the absolutely convergent (and 
physically significant) part of (W2, p), we now perform 
the final separation. Thus, 


=.(W2, yaa f [andre hh, te) — R(po, hi, ts) 
—(p— po)(8/Ap)R(po, ts, tz) ]. (4) 


If Eq. (4) is written out in full, we notice the basic 
point of this procedure. Whereas, in Eq. (4), we have 
subtracted terms with a view to securing convergence 
over the double integration, we have also succeeded, by 
the same step, in making 2.(W2, p) convergent for each 
of the two ¢; and fs integrations. The part which we 
designated above as the unambiguous and fully deter- 
minate divergent part of the 4 integration, has in fact 
canceled out.?* The first subtraction in Eq. (2) made 
the expression ‘‘convergent” in our special sense over 
and f2, the final subtraction in Eq. (4) made it absolutely 
convergent over all the /;, ¢2 and ¢,f2 integrations. With 
the final step we have succeeded in isolating from the 
integral, divergences corresponding to the inserted V 
parts as well as the divergence corresponding to the 
over-all S part. 


Ill. GENERAL RULES FOR THE SEPARATION 
OF DIVERGENCES 


The procedure of Sec. II for the separation of diver- 
gent parts can be generalized to apply to any divergent 
n-fold integral howsoever complicated by overlapping 
or non-overlapping insertions. Consider a graph having 
n basic? momentum-vectors /; associated with internal 
lines, such that the momentum vectors of the remaining 
lines are expressed in terms of these m vectors. The 
contribution to the corresponding matrix element is an 
integral, 7, over variables. 

In general the integral will consist of a product of 
functions of each variable ¢; (and possibly of momenta 
corresponding to external lines) with overlap functions, 

2 This has happened because the integrals multiplying LZ, and 


Ly in Eq. (3) are themselves self-energy integrals. 
3P. T. Matthews, Phil. Mag. 41, 185 (1950). 
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i.e., functions of two or more variables, /;. If a set of 
variables (ty: --tm is held fixed, the integration over the 
remaining variables will be called a “subintegration.” 
To estimate the convergence of each subintegration we 
employ the considerations given in Sec. V of D II and 
merely count the powers of the relevant ¢ in the numer- 
ator and the denominator of the integrand. An n-fold 
integral, J, will be absolutely convergent if, besides 
the final integration, the subintegrations over all of the 
smaller sets of variables ¢;, ¢,t;, titjte, --+, are also 
absolutely convergent for all possible choices of the 
basic variables. If by merely counting the powers of 
t; we find that an integral is itself convergent, while 
any one of the subintegrations is not, the integral will 
be called “superficially convergent.” 

In general in an n-fold integral over fyfo---l, a 
subintegration over /,l2---t, can be made convergent 
only if we subtract from the integrand terms in which 
those factors in the integrand which are functions of 
trai, ***tn only are left unchanged, while in the re- 
maining factors the external momenta (which now 
include ¢,41, ++ tn) are given their free-particle values. 


Thus, to fulfill the condition of convergence over all 
subintegrations, we must subtract from the integral 
divergent terms corresponding to each subintegration, 
the degree of divergence of the integrand for a particular 
subintegration, in general, being unaffected by sub- 
tractions corresponding to other subintegrations. 


The considerations of Sec. II can now be generalized. 
We define true divergence over a subintegration ¢,lo: - -t, 
as the divergent part finally to be subtracted corre- 
sponding to this subintegration, in order to make the 
subintegration absolutely convergent, after the terms 
involving divergences corresponding to ¢;, tit;, titjte, ++ -, 
tila: - +t, +++ subintegrations have already been sepa- 
rated. Anticipating the procedure to be formulated, we 
shall find that the above-mentioned divergences, corre- 
sponding to these latter integrations over smaller 
number of variables are themselves their true diver- 
gences. Thus, for example, to obtain the true divergence 
over f;f2 subintegration we hold, first, all variables 
except /, fixed and subtract from the integrand diver- 
gent terms corresponding to 4, leaving the rest of the 
integrand unchanged; similarly, holding all variables 
except /2 fixed, we subtract divergent terms corre- 
sponding to /2. Finally, holding all variables except t,t 
fixed in this mew integrand, we subtract divergent terms 
corresponding to the double integration. These last 
constitute the true divergence over ;/2 subintegration. 
The integrand after the separation of all these divergent 
parts is absolutely convergent as far as /;l2 subintegra- 
tion is concerned. 

We can now give, in analogy with Sec. II, unambig- 
uous rules for the separation of divergences from an 
n-fold integral. Before making the final subtraction 
corresponding to the n-fold integration which will make 
the remaining integral an absolutely convergent one, 
we subtract from the integrand divergent terms corre- 
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sponding to each of the subintegrations ¢,, tj, titjte, 
++, tle-++ta1. The divergent term to be separated 
corresponding to the /,t; subintegration would, for 
example, consist of an n-fold integral over f;f2---t,, in 
which the part of the integrand containing ¢; or ¢; is 
such as to give, on integration, the true divergence 
corresponding to /,f; multiplied by those factors in the 
original integrand which contain neither ¢; nor ¢; and 
have thus been left unchanged. In this expression, the 
integration over all variables other than ¢,t; will corre- 
spond to a graph which we shall call the “reduced 
graph,” and the corresponding integral the “reduced 
integral.” Thus, in Sec. Il, /dtey,H.(p,t2) and 
Sat,F ,(p, t:)v, are reduced integrals. 

Our final result can be stated thus. The entire diver- 
gence to be separated from an n-fold integral is equal 
to the true divergence over the /, integration multiplied 
by the reduced integral over ¢---t, plus the true 
divergence over the /, integration multiplied by the 
reduced integral over /;/3---¢, and so on, together with 
the true divergence over the é,/2 integration multiplied 
by the reduced integral over ¢sf4---t, and so on, to- 
gether with similar sets of terms ending finally with the 
true divergence over the final f,/,:--t, integration. 
After all these divergent terms have been isolated, 
the remainder is an absolutely convergent integral. 

The maximum possible number of terms which may 
need to be isolated is 2"—1. Of course, not all of the 
subint:grations will be divergent, a considerable number 
being “superficially” convergent, so that no corre- 
sponding separations will need to be made. 

It may be possible (and indeed as we shall see later, 
it is possible in some special cases) to secure the actual 
convergence of certain subintegrations before the true 
divergence of the n-fold integration is separated. How- 
ever, that this last separation will always leave behind 
an absolutely convergent integral as remainder, would 
follow from a generalization of considerations given in 
Sec. II.* 

A few remarks on superficial convergence will be 
relevant at this stage. 

(a) In spinor electrodynamics all graphs with four or 
more external lines (except graphs corresponding to 
scattering of light by light) are at least superficially 
convergent. The “scattering of light by light” itself is 
not a genuine primitive divergent on account of the 
gauge invariance of the theory. It should, therefore, 
always be possible to find other graphs which when 
combined with the graph in question should give a 
convergent result. We shall therefore treat the integrals 
corresponding to the “scattering of light by light” too, 
as being at least formally superficially convergent. 
Opening two or more lines in a connected self-energy 
graph always leads to superficial convergence in the 
connected*® part of the remainder and so does the 


4s A general proof of this will be published elsewhere. 
%> Any part of a connected graph is joined to the rest by at 
least two lines. 
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opening of one or more lines in a vertex part, unless, of 
course, So many lines are opened that the only connected 
graph left isa V part. These considerations will immedi- 
ately give the number of superficially convergent 
integrations, when dealing with S or V parts. 

If an internal line ¢ in a graph contains a self-energy 
insertion with associated momenta 4), fz, ---t,, then the 
subintegrations over ¢t;, ttitj, +++, ttyte:++tp41, «++ (but 
not /t;fo---t,) are superficially convergent. ¢, being an 
internal line, itself belongs to a loop, which at the very 
worst consists of two electron lines, with but two 
external photon lines, the whole forming as far as 
it;---t, integration is concerned, a photon self-energy 
graph. Opening one single line belonging to the self- 
energy insertion inside ¢ gives at worst a scattering of 
light by light graph. Thus the subintegrations #4, t4;t;, 
++, tty-+-tp-9, +++ are certainly superficially conver- 
gent, while with the convention adopted above for the 
scattering of light by light graphs, the subintegrations 
over the last set ¢t;fo---t,1, +++ are also superficially 
convergent. 

(b) If two sets of variables (¢;---t;) and (t+ -t,) are 
such that the corresponding graphs do not overlap and 
if the integration over each set has been made conver- 
gent, then the product of these convergent integrands 
is also convergent over the subintegrations ¢,, fa, lita, 

++, Ug: + tila: ++ty. For integration of functions with no 
overlap terms certain new features arise. Taking a 
simple example, the integral {/dtydtoF(p, t1)G(p, ts) 
has no overlap term, and thus, if both ¢; and ¢, subinte- 
grations are divergent (in this example logarithmically), 


J fasancre, t;)— F (po, t1) |[G(p, te) —G(po, te) ] 


is absolutely convergent. We notice that the divergent 
part separated is 


ff feantr P, t1)G(po, te) 


+F(po, ti)G(p, t2)—F (po, t1)G(po, #2) J. 


Although it loses its precise significance, we may still 
formally retain the expression “true divergence” over 
t; for fadt,F (po, ti), over te for fdtsG(po, te), and over 
tte for —SSadtdtaF (po, t:)G(po, te). The negative sign 
before the true divergence from /,f2 integration, when 
overlap does not occur, makes the use of our general 
rule inconvenient for non-overlapping graphs. 

The above remarks do show, however, that for non- 
overlapping graphs it is immaterial in what order 
divergences are removed, while for divergences arising 
from graphs one of which is completely contained in the 
other, Dyson’s prescription of successive removal start- 
ing from the innermost insertion is a particular case of 
the general rule given above. We shall illustrate this 
rather more fully by considering self-energy insertions. 

(c) Suppose a line ¢, in a graph J, contains a self- 
energy insertion with momenta 4, f2, ---t,. It will be 
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convenient to remove divergent parts from the integral 
corresponding to subintegrations ¢), ++ «tila, +++, tite + +ty. 
After the “true divergence” over f:l2---t, has been 
removed, the subintegration over this set is left abso- 
lutely convergent. The momenta associated with the 
self-energy insertion in line ¢ define (except for ¢), no 
overlap function with any other momentum variable 
t, in J. According to Remark (b), if the integrand is 
made convergent over f,, its convergence over (gl1, 
++ +tatile: - -t,, is already assured. Remark (a) shows that 
the same result holds for the only variable (¢) which 
does have overlap functions with these variables. At 
this stage the only integrations in which 4, tf, ---t, 
appear explicitly are the éfo---t, subintegration, and 
other subintegrations in which these variables appear 
as a group. But from considerations given by Dyson 
we know already that, for questions of convergence, this 
group will behave precisely as though the line ¢ had no 
insertion inside it. This shows that it is immaterial 
whether we retain the variables 4, ¢2, ---¢, or perform 
the integration over them at this stage; the latter 
procedure implies replacing Sr(t) by S.(t)Spr(t)/2z, 
which is precisely the result one would get if one 
followed the procedure of successive removal as de- 
scribed in D II. By using results on superficially con- 
vergent subintegrations derived by applying Remark 
(a), a similar proof could be constructed to show the 
validity of the procedure of successive removal for 
divergence arising from V parts one of which is com- 
pletely contained in the other. 


IV. APPLICATION TO ELECTRON 
SELF-ENERGY GRAPHS 


We shall now apply the above considerations to the 
case of electron self-energy graphs. According to the 
Dyson-Feynman procedure for obtaining the effective 
radiative corrections to any physical process, one draws 
the relevant irreducible graphs and then replaces Sr by 
Sr’, Dr by Dry’, and y, by Ty: in the corresponding 
integrals. One already uses the same procedure for 
calculating I',; itself (Sec. VII, D II); one draws all of 
the irreducible vertex graphs and then makes the above 
substitutions. We attempt to obtain a similar set of 
self-energy graphs in which these substitutions can be 
made unambiguously—only in this case this set of 
graphs will not be irreducible. For this purpose we 
establish the following categories of self-energy graphs. 

Category [1] consists of the sole irreducible self- 
energy graph in Fig. 1. 

Category [2] consists of all graphs formed by in- 
serting* at the end vertex 6 in Fig. 1 all irreducible V 
parts of any order in e. The first end vertex of each 
category [ } will be called a and the last 6, although 
sometimes, for clarity, we use an) and dyn). 

To obtain the graphs in category [3] insert at by») all 


‘ End vertices of self-energy graphs, vertex graphs, or Compton 
graphs, are the vertices where the external electron line enters or 
leaves the graph. 
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irreducible vertex parts, and so on for all subsequent 
categories. 

Continuing the above procedure we obtain an infinite 
number of categories, each (except [1]) containing an 
infinite number of graphs. Figure 2, for example, 
belongs to category [2]. All graphs in [”] can, in fact, 
be built up in precisely n different ways from the graph 
in Fig. 1 by the insertion of vertex parts at aq) or bj) 
or both. Further, all graphs in [”] could equally well 
have been built by insertions at a;,_;; rather than at 
btn-1)- This complete symmetry will be found to be 
important for the subsequent proof. 

A graph belonging to [m] will contain precisely 
(n—2) photon lines such that if these are opened (i.e., 
their associated integration variables held fixed), the 
graph splits into two vertex parts. Given a graph in 
[n] we denote by Ly! the divergent constant arising 
from the irreducible V part which was inserted at bjn—1) 
in order to obtain this particular graph in [mn], by L,? 
the “true” divergent constant arising from the reducible 
part which was inserted at };,-2) to obtain this graph 
in [], and so on. This last V part is reducible because 
its end vertex has as an insertion the V part with the 
divergent constant Z,'. Similar definitions apply for 
L,', L.*, ---. We shall now prove the following lemmas. 


Lemma 1.—Denote by [m] the integral corresponding to a 
particular graph in the category [n]. We have the following result. 
(n]=(Lo'(n—1]+L*(n—2}+Lo'(n—3]}+---+L.*{1)) 

+(Li}[n—1]+L3[n—2)]+ Liifn—3]+---+L""[1) 

_f LE Li [n—2}+ Li Le(n—3)+L'L[n—4]+::- 

+L2L}[n—3]+L2Le[n—4]+--- 
+2Zinj*, (5S) 
where 
Linj* =A [ny + Bin (¥P— ix) + Zetn,*. 

A and B characterize the true divergence from [mn], and [n—r] 
stands for an integral corresponding to a certain graph in category 
[n—r] obtained from [n] by successive removal of V parts from 
a or b as the case may be. 

Proof.—It is convenient to associate the basic variables with 
the photon lines in the graph. Suppose [] has & basic variables 
of which n—2 are critical. The photon line #, starts from aj»), 
while ¢, ends at bin). 

For the proof we shall systematize our procedure as follows: 
we hold each one of the variables ¢; initially fixed, in turn, and 
remove all of the divergent terms corresponding to all possible 
subintegrations over the remaining (n—1) variables. Of course, 
in following this procedure we shall have to guard against sub- 
tracting a divergent term more than once. However, holding ty 
fixed we make the removal unambiguously corresponding to the 
subintegrations /,, 225 tei, tite, es +, biter, tots, * babes, oes, bibl, 
+++, bite-+-te. This immediately gives us the terms in the 
first bracket of Eq. (5) by our general rule. The constants Z,’, 
L2, ---, etc., come from the successive reduction of a reducible 
vertex parts. It is to be emphasized that the first line in Eq. (5) 
is the result of the removal of divergences, corresponding to all 
the above subintegrations, due regard being paid to those sub- 
integrations which are superficially convergent [see Remark (a) ]. 
Now holding #,; fixed we remove divergent terms corresponding 
to all the possible subintegrations over subsets of variables 
te, ts, -++te. A number of these terms (those, for example, corre- 
sponding to subintegrations over fz, ts, «-te—1, tats, «+ «tobe, **, 
etc.) have already been removed. However, the subintegrations 
from these subsets which still remain, i.e., over ty, tiles, -~ «tee, 
++ bgbe_ite_o, (barring those which are superficially con- 
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vergent), cover the successive divergent parts of the (reducible) 
vertex graph one obtains by opening the line 4 and are just 
sufficient to give us the second bracket in Eq. (5). The maximum 
number of subintegrations corresponding to which divergent terms 
still remain to be separated is 2*~* at this stage. These terms 
must be separated by holding each of the remaining k—2 basic 
variables initially fixed. Of these only (#—2) are critical. As noted 
earlier, opening a critical line splits the graph into two discon- 
nected segments with no overlap term between them. As an 
example, let us assume /, to be the first critical variable, occurring 
from the left. Holding it fixed, we notice that the only divergent 
terms yet to be separated are the true divergences corresponding 
to the subintegrations éit,, titete—1, titidee, «+ >, those corresponding 
to ti, te, titer, tife-o, ++*, etc., already having been removed 
Since these are the true divergences for integrations over non- 
overlapping parts, we shall get a negative sign before the sepa- 
rated terms as noted in Remark (b). This leads to the isolation 
of divergent terms of the form —JL,'Z,'[m—2]. Starting from 
end a and opening all the critical lines, we shall get all the sub- 
tracted terms on the right-hand side of the Eq. (5). It remains to 
prove now that holding each one of the remaining (k—n) lines 
fixed gives no further divergent terms to be separated. We notice 
that every other line, if opened, converts the graph into a C 
part,’ which we know to be at least superficially convergent in 
spinor electrodynamics. If the C part obtained by opening a line 
is reducible, the only insertions its irreducible skeleton has are 
vertex parts, inserted at its end vertices. But the divergent terms 
corresponding to the subintegrations over the variables associated 
with these vertex insertions have already been removed by the 
successive removal performed by holding ¢; and ¢, fixed initially. 
Thus, these C parts give no further contribution to Eq. (5). 
This establishes the lemma. 

If we had started with basic variables associated with electron 
rather than with photon lines, opening a basic line would convert 
the graph into an M part*—again at least superficially convergent 
—and similar considerations would apply. 

Lemma 2.—This is a restatement of Remark (c) for the par- 
ticular case of graphs in these categories. The divergent separa- 
tions after inserting S parts in all the lines or V parts in all the 
internal vertices (all vertices except a and b) of [#] are given by 
the divergent parts corresponding to the subintegrations over the 
internal variables of the insertions [as in Remark (c)], together 
with the divergent terms to be separated from [n], where Sp(#) 
is replaced by S.(#)Sr(t), Dr(t) by Dr(t)D-(t), and yy by Ayel?, ¢’). 
As a concrete example, we see that if a photon self-energy graph 
is inserted in a line ¢ of [mn], such that Dp(#)II*(#)=C+D.(2), 
then the resulting integral is equal to C[w]+[n]*, where [n]* 
is the integral obtained by replacing Dr(t) by D.(¢)Dr(#) in the 
integrand. The proof is exactly similar to that of Remark (c). 

If we now desire to construct all self-energy graphs up to a 
given order e**?, say, we draw all of the graphs in the various 
categories defined above up to this order. No graph belonging to 
category [k+2] or higher will be needed, the lowest order graph 
belonging to the category [&+2] being of the order &**4, Taking 
each one of the graphs drawn above, V and S parts will be inserted 
in its internal vertices and all its lines. No insertions are ever to be 
made in the end vertices of the graphs of any category. If the graph 
in which insertions are being made is of order 2r, these insertions 
need only consist of graphs up to the order (2k—2r+2). 

It is easy to verify now that the above procedure gives accu- 
rately all self-energy graphs up to order (2k+2) and that no 
graph appears more than once. Among them we shall, of course, 
find all the graphs which could have been obtained by insertions 
of vertex parts up to order 2k at the vertices a (or 5) of the funda- 
mental self-energy graph in Fig. 1. To verify the appearance of 
all vertex parts, up to the given order, we notice, for example, 
that by the very principle of their construction the graphs of 


5A Compton graph—a graph with 2 external photon and 2 
external electron lines. 
6 M@ller graph—a graph with four external electron lines. 
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category [3] represent the insertion of vertex parts in the end 
vertices of graphs of category [2], while the insertions in their 
own end vertices are given by the graphs of the higher categories. 

Correspondingly, adopting the procedure in Sec. VII of D II 
of dropping the divergent constants when they appear, if we 
assume that Sr:’, Dri’, Ty: are defined up to order e* by, respec- 
tively, Sr plus Sr multiplied by a finite sum of products of 
S(W,t), Dr plus Dr multiplied by a finite sum of products of 
D(W, t), and yy, plus a finite sum of A,-(¢, ?’), we can obtain Sp’ 
up to the order e*** by drawing all of the graphs in the various 
categories, up to the order e***, and then substituting in all lines 
Sri’, Dri’ (defined as above) instead of Sp and Dy, and Ty, in all 
internal vertices instead of yy. The y, occurring at the two end 
vertices are always to be left unchanged. Once again, in a graph 
of order 2r belonging to any one of the categories, it will only be 
necessary to substitute Sy,’, etc., up to the order (2k—2r+2). 

Lemma 3.—If by the above changes in all of the lines and 
internal vertices of an integral arising from a graph in category 
[m] we obtain an integral [n]*, then 


[nm }*=Lo*(n—1]*+ La?*[n—2]*+L.**[n—3]*+ --- 
+ Le (n— 15+ Len — 2]%+- Ln —3]*+- - -- 
— (La * Ly *[n— 1 P+ LL [n—3]X+ + + +) +2 in, 

where L,'* stands for the “true” divergent constant from the V 
part introduced at @jn—1 in [w—1]* in order to obtain [n]*. The 
definition of the other constants is similar. Noticing that Sr,'(t) 
and Dr,‘(t), and Ty, as defined above, behave precisely as do 
Sr(t), Dr(t), and yy as far as the power of variables involved and 
the question of convergence are concerned, the proof follows from 
Lemma 1. 

Lemma 3 immediately gives the following set of 
equations 


(1 k= 2* py) 
C= (LX LO R42 ys 
[3 = (LX+ L902 + (LX+ Le 
ia Le*Ly*(1 P+ 2* 15) 


(6) 
If in each equation the L*’s are once again understood 
as defined up to the requisite order and a summation 
is carried out over all graphs, we obtain, by summing 
up Eqs. (6), 


(C1 P+(2 P+: --+[k+1P)(1—22+L?) 
= LD yt 2* y+ eee +2 * 1%, 


where, following Dyson’s definition of Z, 


L=LYX+L2X+L%+: >: 
= LyX+ LyX+L,%4+---. (8) 


It is to be understood that the terms in the factor 
(1—2Z+-L’) on the left-hand side of Eq. (7) in fact 
only appear to the order needed. The symbol [r}* 
now stands not only for an individual graph but for all 
of the graphs in the category [r] with the inser- 
tions which have been needed to build up Sr,’, to 
the required order. The right-hand side, consisting 
of the “true” divergent and the absolutely convergent 
parts of all the self-energy graphs up to the given 
order is, in Dyson’s terminology, precisely equal to 
A(e)+ (1/2) B(e)Sr+ (1/2)S-(e)Sr. Equation (7) 
is the result of substituting Sr;'(e), Dri’(e) in all the 
lines and I’,;(e) in all but two vertices of the various 
graphs in our categories. Thus [1 }<+[2}<+--- will 


(7) 
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be called 2,* (corresponding, but not equal to 2,* in 
D II), and we obtain 


Sp3;*(e)= — 2widxSp+(1—L)(A (e)Sp 
+(1/2m)B(e)+(1/2m)S.(e)]. (9) 


Equation (9) replaces Dyson’s Eq. (88). Here the term 
involving dx has been added to take account of the 
self-energy graph consisting of a point. 

To proceed with the rest of the proof for the possi- 
bility of renormalization, we follow Dyson’s arguments 
closely. Since no overlaps occur for V parts, their struc- 
ture gives immediately a proof of Eq. (96) in D II; ice., 
Z,;=1—L(e,). We notice now that a self-energy graph 
of order 2r, belonging to any of the categories [mn], 
contains r photon line, 2r—1 electron lines, and 2r ver- 
tices. A substitution of [,=Z;~T (e:), Sr’ = Z2Sr;'(e1), 
Dr'=Z;Dpy'(e:), made in the internal vertices, and all 
the lines gives an e factor, e"Z,-*"+*Z,?""Z;". An extra 
factor Z,;* appears from Eq (9), and one thus obtains 
a possibility of absorption of these factors in charge 
renormalization if we choose Z.=1+ B(e)/2x. It may 
be emphasized, once again, that in this manner of proof 
all constants and operators, and the charge renormal- 
ization itself are defined up to the requisite orders. A 
similar proof can be constructed for photon self-energy 
graphs, where, once again, insertions at one end vertex 
appear simultaneously as V-insertions at the other end 
vertex. It will be found to be expedient, in that case, 
to associate basic variables with electron lines in order 
to be able to remove practically all possible divergences 
with a single choice of basic variables. 


(A) Pseudoscalar and Scalar Meson-Nucleon 
Interactions 


The considerations given so far apply with minor 
modifications to exhibit the possibility of renormaliza- 
tion for the scalar theories of nuclear interaction. The 
possible primitive divergents for the interaction of 
scalar and pseudoscalar mesons with nucleons are the 
same as for spinor-electrodynamics.* But, whereas in 
electrodynamics graphs representing scattering of light 
by light do not in fact constitute a genuine primitive 
divergent, the corresponding graphs in meson theories, 
with four external meson lines are definitely logarithmi- 
cally divergent. Further, in electrodynamics, graphs 
with three external photon lines could be paired with 
others obtained by reversing the direction of internal 
electron lines and were thus shown to vanish by an 
application of Furry’s theorem (D II, Sec. IV). Since 
“charge-conjugation” does not lead to a reversal of 
sign in the case of scalar theories, graphs with three 
external meson lines present a new type of primitive 
divergent. 

However, if Furry’s theorem does not apply, we can 
still exclude graphs with odd numbers of external 
meson lines if the mesons are charged, by charge conser- 
vation. Also, for neutral pseudoscalar mesons, Dyson 
has shown, by using reflection properties of the relevant 
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wave functions, that such graphs are in fact not 
divergent.’ 

In the sequel we shall consider pseudoscalar (charged 
or neutral) and scalar (charged) theories. Thus, besides 
the primitive divergents in electrodynamics the only 
new feature would be the divergent graphs correspond- 
ing to the Mller scattering of two mesons (M-parts). 
Following a suggestion first given by Matthews, it will 
be proved that the divergences arising from these M 
parts can be canceled consistently by adding an appro- 
priate 6-type interaction between mesons to the 
lagrangian. We consider in detail only the case of 
pseudoscalar neutral meson, the remaining cases being 
almost identical. 

Following Matthews we write the interaction hamil- 
tonian as 


Hy (x) = if (x) ysb(x)o(x) — hedxop(x)y(x) 
—45x°¢?(x)— 5AG4(x). 


The corresponding graphs will have, besides the 
vertices with two nucleon and one meson line incident, 
also vertices with two nucleon, two meson, or four 
meson lines incident. These last will be called 4-vertices, 
while graphs formed entirely from 3-vertices will be 
called the “original graphs.” 

The following remark will apply to all except meson 
self-energy graphs, which will be considered later. 

Corresponding to any original graph (formed entirely 
from 3-vertices), which itself represents a Mller scat- 
tering of mesons, or contains M parts inside itself, there 
exist in the theory graphs formed by replacing the M 
parts by 4-vertices in all possible ways. It is easy to 
verify that for a field theory with ¢* as the only inter- 
action term there are two primitive divergent graphs, 
graphs with two external meson lines (meson self-energy 
graphs), and graphs with four external meson lines 
(M parts). 

We shall call a graph “simple” if it does not contain 
an M part inside itself, or is a Mgller graph which 
cannot be formed by joining two or more M parts. We 
shall retain the definition of reducibility of a graph as 
adopted in electrodynamics. Thus, a graph may not 
be “simple” but may still be irreducible if it satisfies 
the criteria of irreducibility as in electrodynamics. 

To choose the constant 5A we proceed in three steps. 

(1) Consider the category of all original M parts 
which are both “simple” and irreducible. If 5) is chosen 


7 Note added in proof —Dyson has, in fact, proved that the con- 
tribution F(:, 2, ?s) from any graph with just three meson lines 
(pi, P2, ps) in neutral pseudoscalar theory vanishes identically 
Let p be a vector obtained from p by space reflection. Since 
HO P)OP)E Pr Pr ps) is a scalar, F(pi, po, ps) is a pseudo- 
scalar function and therefore F(p) = —F(p). (This can be demon- 
strated by a moré explicit mathematical proof.) But F(p) is 
invariant under a proper Lorentz transformation; for example, 
under a space rotation, through 180° about an axis in line per- 
pendicular to i. and f2, which transforms /; to ~; and p2 to pr, 
and since ~:t+ 2+ /:=0, also transforms p; to p;. Therefore, 
F(p)=F(p). Hence, F(p) must ay identically. 

The author is indebted to Mr. F. J. Dyson for kindly com- 
municating the proof. 
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equal to the sum of their true divergences (the true 
divergence of an M part consists of a constant), the 
term —éA¢* suffices to cancel all divergences arising 
from the above graphs. 6A is thus a power series in /. 

(2) Now consider the category of all original irre- 
ducible M parts which are not simple. Before removing 
the true divergence from the over-all M part, divergent 
terms have to be removed corresponding to the M parts 
inside the graph in accordance with the procedure given 
in Sec. III. We illustrate the points involved with a 
simple example. Figure 3 represents an (irreducible) 
M part obtained by joining two simple M parts. The 
corresponding integral is given by® 


ff dtdtedtdt Trace eS (p+h)ysS(pth—b) 


X veS(— 9) v5 (ti) JA(t)A(p+-q—ts) 
X [Trace ysS(p’+ts)veS (ts) v5S (ts) ¥eS(e— 9’) 
X y05(p'+ ba— te) -yeS(p’+ts— te) JA(t4— ts). 


The integral is logarithmically divergent with respect 
to the 41, tsts, and ¢,fsf, subintegrations, besides being 
logarithmically divergent with respect to the final 
4-fold integration. The remaining subintegratiors are 
at least superficially convergent. 

The divergent terms to be separated before the true 
divergence over /,t2tsf, is separated, in order to leave 
behind an absolutely convergent integral are 


(@),f* f dtydtydt,A (to) A(p-+-g—ts) 


X [Trace ysS(p’+ts) v5 (ts) v6S (ta) veS(e—9’) 
X y5S(p’+ta— te) 6S (p' +ts— be) JA(ta— ts) 


+ (ryt f drdt Trace eS (Pth)ysS(pth—bh) 
X y565(4i—g) veS (ti) JA(t2) A(p+-9—#2) 


~(6N),(8)s f dty\(ts)A(p+q—ts), 


where 


(or)r= ft f dn Trace 5S (Pott) y5S(potti— too) 
X v5 (ti— go) veS (41) J 
(8d) 2= f® f dtadt,[ Trace ysS(po'+ts)ysS (ts) 


X 55 (ta) v55 (ta— Go’) ¥6S (po +t4— too) 
X y55(po'+ts— tao) JA(ts— ts) 


po= qo= po = per+e=0 


* S and A stand for Feynman’s functions. 


and ; 
qo = te, 
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(6\),, is the true divergence over /;, (5A)2 over fsf4, and 
— (5d), X (dA)e over tytsty. The negative sign before the 
latter follows from the considerations about non-over- 
lapping graphs given in Remarks in Sec. ITI. 

Now we notice that on account of the presence of 
— 6\¢* term in the hamiltonian with 5d (for the present) 
chosen as the sum of true divergences from all irre- 
ducible simple M parts, there are three other graphs of 
order f in the theory, viz., the graphs in Fig. 4. Since 
5\ contains among other terms (6A); and (5A)2, we may 
assume that in the graphs drawn in Fig. 4 —(6A),¢* 
acts at the 4-vertex marked 1, and —(éA)2¢‘ at the 
4-vertex marked 2. Quite obviously the sum of contri- 
butions from these four graphs suffices to cancel all the 
divergent terms exhibited so far. The true divergence 
from the f;fetsf, integration (6A)3 which still remains to 
be separated from (1) to leave behind a convergent 
integral will now be added 6A to already formed and 
we secure the cancellation of all divergences if for 
this process the graph consisting of a single 4-vertex 
— (5d)3¢* is also taken into account. Thus if we consider 
all (irreducible) M parts which are not simple, only the 
true divergence over the final integration need be added 
to the 6\ term formed by adding the true divergences 
from all irreducible simple M parts. The result is of 
general validity and holds for the general case of an M 
part formed by joining any number of simple M parts. 

It may be noticed that the operation of taking the 
trace does not interfere with the separation of diver- 
gences corresponding to an M part which is contained 
inside another. The reason is that nucleon lines run in 
loops while (in the case of original graphs) meson lines 
do not run continuously, thus making it possible to 
localize M parts unambiguously in this theory. 

(3) 5 so far has been obtained as a power series in f, 
and is equal to the sum of true divergences from all 
irreducible M parts. Considering reducible graphs now, 


t, 
pote 
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we have to consider the effect of inserting S and V parts 
in all the irreducible M parts. Since Sp’=Z2Sr1'(f1), 
Ar’=Z;Ar;'(f;), and M=Z,"T,5(f1), we replace Sr(p) 
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by Sri‘(p), Ar(p) by Ari'(p), and ys by T15(p, p’) in 
all the lines and the vertices of the original irreducible 
M parts. An irreducible M part of order 2r contains 2r 
3-vertices, 2r nucleon lines, and r—2 meson lines. The 
above substitutions give /?°Z;-°"Z."Z;""=Zs;"f,"" as 
the f-factor outside the integral corresponding to this 
irreducible M part, while the integral itself can be 
written as the sum of divergent and convergent terms, 
both expressed as power series in f;. Extending the 
arguments given above for irreducible graphs we readily 
see that finally 5(f:)=Zs?X Ma(fi), where Ma(f;) isa 
power series in f, (starting with a term /f;*) each of 
whose terms corresponds to the true divergence of some 
original M part. 

So far we have proved that with the above choice of 
6 not only can all divergent terms be separated from 
the integral corresponding to the original M parts to be 
canceled, but further that the new M graphs introduced 
into the theory because of the term —6A¢‘ in the 
hamiltonian are also accounted for. 

Similar arguments prove that if we are considering 
graphs corresponding to any other process (except 
meson self-energy graphs) which contain M parts inside 
them, a combination of the original graphs for the 
process, with graphs obtained by replacing the M parts 
by 4-vertices in all possible ways will always lead to a 
cancellation of all divergences arising from the contained 
M parts, in the original graphs. The rest of the proof 
for the finiteness of the S-matrix follows D IT. 


(B) Meson Self-Energy Graphs 


We now consider the case of meson self-energy graphs. 
By joining up an incoming meson line to an outgoing 
meson line in any M part we obtain a meson self-energy 
graph. Conversely, in a meson self-energy graph, if any 
meson line is opened, we obtain an M part. Just as it 
was impossible to make the substitution I',: for y, at 
the end vertices of a self-energy graph in electrody- 
namics unambiguously, similarly, it is impossible to 
make an unambiguous substitution Ar,’ for Ar (or 
Sp,’ for Sp) if we desire to obtain a higher order meson 
self-energy graph from one of lower order. 

However, the procedure for isolating divergences 
from M parts, outlined in Sec. ITI, leads to an essential 
simplification. The principles involved can be illustrated 
once again by considering a simple example. 

Figure 5 represents a meson self-energy graph, in one 
of the nucleon lines of which a nucleon self-energy 
graph is inserted. The corresponding integral is 


n(p)=f' f drdts Trace 59 (ti— p)v5S (41) 
X ¥65(ti— te) 65 (h) JA(e). 


The integral is logarithmically divergent for the 4 
subintegration, linearly divergent for the ¢, subintegra- 
tion, and quadratically divergent for the /,f2 integration. 
The divergent terms to be separated in order to leave 





OVERLAPPING 


behind an absolutely convergent integral are the 
following : 


pt fad Trace [ys5(ti— po)vs5 (41) 


X18 tad yeStH)IOG) +h f dla 

X Trace [ys5S(ti— p)-veS (ti) { ysS (tio— ta) ¥5 
+((t1— tr) 8/ Oty) t1 = t10(-¥5S(i— te) v5) } S(H) (te) ] 
> | {pf aa Trace [ysS(ti— po) ysS(t1) 


X ye5 (ti— te) yeS (ty) A (te) — ¥5S(ti— po) v5S(h) 
X ¥55 (ti— be) 55 (41) A (te) — yoS (— po) v5S (th) 
X byeS(tio— te) ys+ ((Ai— to) 0/ ti) ti = tro 


X (y5S(ti— te) v5) } S() A(t2) J 


+f f dtd (p— po) w(9/Op,) 
+3(p— po) u(P— po) (9/Apy)(9/ dp.) }*p= v0 
X Trace [ysS(ti— p) 5S (th) 55 (ti— te) 
X y55(t)A(te) — veS(ti— p) vsS (ti) 
X {-vsS(tio— te) s+ ((ti— 10) 0/ Oty) 1 = 10 
X (ysS(ti— te) 75) | S(t) ACs) J. 
iytot+Ko=her+Ke=0 
too? + K? = pe +K?=0. 


(10) 


where 
and 


Let 


pt fa Trace [ys5(ti— po) 55 (tx) 
X y55 (ti— too) v5S(t1) J= A, 


pf dey 65 (tio— ta) ysA (te) = A 


and let the expression in double brackets, {{ }{}, in 
Eq. (10) be equal to A’. Then among others the follow- 
ing are divergent terms separated : 


in fanata)+ap f de 


X Trace [ysS(ti— p) v6S(4) S(t) ys ]+A’. 


The integral with Af? as coefficient will be canceled 
by being combined with the integral arising from the 
nucleon mass renormalization term —éxo~y in the 
hamiltonian, while A’ is similarly canceled by a proper 
choice of 6x? in the term — 5x°¢?. To cancel 5A fdt2A(te) 
we can combine it with a meson self-energy graph 


® The divergent terms shown here corresponding to hf integra- 
tion are of the form A’+B(p?+#*)+C[po(p— po) F where C can 
be shown to be a finite constant. Chap pa)? is thus properly 
to be included in the convergent part of II*. 


(11) 
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obtained by replacing the M part by a 4-vertex as we 
have so far been doing; but now we notice that 


A’=A”"— in f dra), 


where A” is that value of the meson mass renormaliza- 
tion constant which it would have if M parts were not 
divergent in the theory; ie. 


A =f f dtdt Trace [5S (ti— po) vsS (41) 


X v5 (ti— be) v5 S(t) A (te) — yeS (ti — po) v55 (4) 
X {ve (to— te) ¥s+((4i—t10) 0/ 0t1) n= tho 
X (ysS(ti— te) v5)} SCL) AG) J, 


so that (11) can be written as 
A”+ap f dt Trace CysS(ti— p)veS(t)S(h) 7, 


Further, since 5\ is not a function of p, the divergent 
term separated corresponding to 4, gives no contribu- 
tion to the charge renormalization constant set out 
in the last integral in Eq. (10) as part of the coeffi- 
cient of (p—po)u(P— po)». The result is that the di- 
vergent terms to be separated in order to obtain an 
absolutely convergent integral from a meson self-energy 
graph are precisely the same as if M-parts were not 
divergent in the theory, this result holding for only 
those M parts which are obtained by opening a single 
meson line in a meson self-energy graph. A further 
consequence of this is that the self-energy graph in 
Fig. 6, unlike other graphs containing 4-vertices, has 
to be considered separately and is not like others a 
compensatory graph. 

The reason why the result shown to hold true for the 
particular example can be generalized is this. Let us 
first consider a meson self-energy graph belonging to 
any category [n]. The meson and nucleon lines or the 





A te pt ett A 


Fic. 7. 


vertices in [] do not contain any S or V insertions so 
far. In order to remove the divergence from the M part 
formed_by opening a meson line we must associate one 
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of the basic variables, say, t;, with the particular meson 
line being opened. The true divergence corresponding to 
the subintegration ffs: ++, is a constant (6A) and the 
reduced integral is necessarily JA r(t;)d‘t;. Thus, when 
the final true divergence over f,/2---¢, is separated, 
Ar(;) not containing the external momentum 4, 
contributes — 6A fadt,A r(t;) to A’ and makes no contri- 
bution to the charge-renormalization constant at all, 
precisely as in the particular example. The effect is the 
same as if M parts were not divergent in the theory, 
and the mass renormalization constant were not A’ 
but A”. 


It must be emphasized that the above result holds 
only for those M parts obtained by opening one meson 
line. We shall call such M parts “final” M parts. Thus, 
for example, the self-energy graph shown in Fig. 7 
containing the M parts with the loops marked 1 and 2 
is necessarily to be combined with three other graphs 
in Fig. 8 just as in Sec. V(A). 

So far we have restricted our considerations to graphs 
belonging to a category [m] in which S and V parts 
have not been inserted. To bring out the new features 
involved we consider another example. Figure 9 shows 
a meson self-energy graph belonging to [2] in which 
the M divergence is associated with the ¢; loop. In the 
line ¢2 we insert the self-energy graph in Fig. 5, which 
is itself a modification of the graph in [1]. The resulting 
graph is shown in Fig. 10. M divergences are now 


associated with the subintegrations over és, f;, t:/3, and 
tytots. Considering the line /: by itself, from the argu- 
ments given before it is obvious that we need not make 
an explicit separation of the M divergence corresponding 
to ts. If now the “mass-renormalization constant” 
corresponding to the line # is considered, it will be seen 
that not only is it unnecessary to separate the diver- 
gence corresponding to /,/2!3 subintegration (for which 
only one variable /, is held fixed), but the same applies 
for the /; and ¢,ts subintegrations. The reasoning for all 
cases is similar. For example, the true divergence over 
/, is obtained by putting, among other variables, p equal 
to po wherever it occurs in the integrand. When the 
mass renormalization constant corresponding to line p is 
being separated, its part corresponding to /; is the same 
as above, no further change being necessary, since p has 
already been replaced by fo. Thus, A’=A’—true 
divergence over ¢;Xthe reduced integral over /olst, 
—true divergence over /;/3X reduced integral over fal, 
—true divergence over /,/2/3 reduced integral over (4. 
Similarly, we can see that the charge renormalization 
constant is precisely the same as if these M parts were 
not divergent in the theory. From our definition, that 
M corresponding to the subintegration ¢; was the “final” 
M part contained in the meson self-energy graph (of 
Fig. 5) inserted in line 2, while ¢; was the “final”? M part 
for the line » in Fig. 9. Because of the insertion in 2, 
new M divergences 1;/3, tilefs arise; since they can be 
associated with ~, we shall call the divergences corre- 
sponding to 4, ffs, and ¢;fels also “final” divergences 
associated with the line p in Fig. 10. This is an extension 
of the definition of “final” M-divergence."® In general, 
the result can be stated thus: given a meson self-energy 
graph of category [m], the insertion of a meson self- 
energy graph with a number of final M divergences in 
any of its meson lines will increase the number (and 
complexity) of the M divergences in the entire graph. 
It will always be possible to associate these new diver- 
gences as the final M-divergences corresponding to 
some meson line, making it possible to prove that no 
explicit separation of corresponding M divergences is 
needed. We have the result that the mass and charge 
renormalization constants for meson self-energy graphs 
are precisely the same as if these “‘final” M parts were 
not divergent. 

The same results (only simpler to prove) hold for 
insertions of S and V parts in the nucleon lines and 
vertices of graphs of categories ['n ]. 

The only meson self-energy graph which still needs to 
be considered is the graph in Fig. 6. All other meson 
self-energy graphs with 4-vertices act as compensatory 
graphs like those in Fig. 8. The corresponding integral is 


- ani fa pr (t)dt= = Mahi \Zs + fan'oas, 


0 Analytically a final M-divergence inside a meson self-energy 
graph may be defined such that its reduced integral is independent 
of the external momentum of the meson line. 
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so that finally we choose 


c= -— (1 rizr nf)|A"i)—Malh) f ant fot} 


This completes the proof. 

On account of the results above regarding “final” 
M-divergences, it will be found expedient to associate 
basic momenta with nucleon rather with meson lines in 
graphs belonging to any category [mn]. This choice will 
remove all the significant divergences with a single 
choice of basic variables. 

The case of the meson self-energy has been treated 
at length because it will serve as a prototype for 
renormalization in other theories such as scalar electro- 
dynamics, where both C and M parts are divergent and 
it is not possible to make an unambiguous insertion of 
S parts in meson or photon lines. 


OF 


PROTONS 227 
The general rule for the separation of divergences 
given in Sec. III will also apply to other theories such 
as scalar electrodynamics; but the considerations given 
in the remarks will not, because both C and M parts 
are divergent in that theory, leading to overlaps of 
considerably greater complexity. It is, in fact, in scalar 
electrodynamics that the power of the general rule 
formulated in Sec. III exhibits itself. General consider- 
ations on that problem will be published shortly. 

The author is deeply indebted to Mr. F. J. Dyson for 
indicating the considerations of Sec. II in an extremely 
helpful discussion, without which this work would not 
have been possible, and to Dr. N. Kemmer for con- 
tinual help and encouragement. The tenure of a 
scholarship from the Education Department of the 
Government of Punjab, Pakistan is gratefully ac- 
knowledged. 


PHYSICAL REVIEW VOLUME 82, NUMBER 2 APRIL 15, 1951 


Emission of Protons from the Compound Nucleus F'** 


R. R. Roy 
Centre de Physique Nucléaire, Université Libre de Bruxelles, Bruxelles, Belgium 
(Received September 29, 1950) 


The emission of protons from the reaction N'(a,p)O" was studied by photographic emulsion technique. 
Two groups of protons were observed, of Q values of about —1.16 Mev and —2.0 Mev for Ea=3.6 Mev 
and 4.2 Mev. The yield per million incident a-particles has been estimated at 0.348 and 0.409 for the two 
resonance levels, 3.6 Mev and 4.2 Mev, respectively. The angular distribution of protons in the CM system 


has a maximum at @=90° for the two ground states, and, for the excited states, it is isotropic. 


I. INTRODUCTION 


HE reaction O'%(d,p)O" and the reaction 

N"*(a,p)O" both lead to the formation of the 
compound nucleus F'**, It is known! that the former 
reaction yields two groups of protons. For Ey=0.575 
Mev, which corresponds to an excitation of 8 Mev in 
F'8*, these two groups had Q-values of 1.75 Mev and 
0.8 Mev, according to the observation of Pollard and 
Davison.? At this excitation, which is provided by 
a-particles of energy about 3.6 Mev, only one group of 
protons has been observed in previous experiments for 
the second reaction, although two groups might be 
expected, unless forbidden by selection rule. The 
presence of two groups of protons in the reaction 
N"*(a,p)O" has, in fact, been demonstrated by Pollard 
and Davison,’ but in this case, the energy of the 
a-particles was about 5.2 Mev. 

The purpose of the present experiment was to 
investigate, by emulsion technique; (A) the group 
structure of the protons, at low bombarding energies of 
the a-particles, arising from the reaction N(a,p)O"; 

1 J. D. Cockroft and W. B. Lewis, Proc. Roy. Soc. (London) 
A130, 463 (1936). oie ion Heitler, and Powell, Proc. Roy. 


Soc. (London) A190, 196 (194 
? E. Pollard and Perry W. Davison, Phys. Rev. 72, 736 (1947). 


(B) the yield of the process; and (C) the angular 
distribution of the protons. 


Il. EXPERIMENTAL DETAILS 


The a-particles from polonium were channeled 
through a circular slit, the arrangement of which is 
shown in Fig. 1. It consists of two circular brass disks 
D, fitted with guard rings R, cut at sharp angles. The 
strength of the source is 1 mc deposited at one end of 
a wire W and introduced into the slit through the guide 
G which holds the source centrally between the two 
disks. The position of the source 0 can be viewed 
through holes H drilled at the center of each disk. The 
two supports S and the guide channel G subtend an 
equal angle at the center. This facilitated the calculation 
of the solid angle through which a-particles emerged. 

TABLE I. Proton groups from N“(a,p)O"” 








Ratio 
(ip AD 


0.12. 


E. No. of E, 
(Mev) protons (Mev) 


3.6 (I) 1986 2.45 
(II) 245 160 (b) 


4.2 (I) 2321 3.02 (a) —1.18+0.04 
(II) 291 ; 2.20 (b) —2.0 +0.04 


Q 
(Mev) 


(a) —1.15+0.04 
—2.0 +0.04 





0.12 














SERENE doe * 


R. R. 








10mm 


Fic. 1. (a) Sectional diagram of the slit arrangement together 
with the two'plates P, one at the top, the other at the bottom of 
the slit. (b) Top view of the slit, the position of the supports S, 
the guide channel G, and the central hole H being indicated. 


The angular dispersion of the a-beam calculated from 
the geometry of the slit was about 1°. This spread 
caused a dispersion in energy of the a-particles which 
was negligible in comparison with the width of the 
resonance levels investigated. The advantage of the 
slit was that, with the use of the two plates at each 
exposure, it permitted work with a low intensity source 
without sacrificing the yield. The location of the slit 
after development was possible because the geometry 
of the slit allowed a-particles from the source to strike 
the plates only through the central holes of the disks. 

Ilford C2 50y plates, 7 cmX5.5 cm, were used for 
the experiments and were exposed inside an airtight 
camera fitted with a manometer. Preliminary exposures 
were given in vacuum to study the effect of the slit and 
of the blackening of the plates due to y-rays from the 
source, and, as a result, the upper time limit of exposure 
was fixed at 6 hours. However, in the final experiments 
an exposure of 2 hours was found sufficient to give the 
data required. The plates were developed by the 
discrimination method? in order to distinguish protons 
from any stray a-particles which might be present. 

The measurement of angles was made by means of a 
goniometer calibrated at an interval of 0.5°. The total 
error in the measurement of angles, due partly to the 
small angular spread of the incident a-particles and 
partly to inaccuracy in measuring, was estimated to 
be less than 2°. 


3M. Mortier and L. Vermaesen, Centre de Physique Nucléaire, 
Université Libre de Bruxelles, Note No. 5 (December, 1948). 
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Ill. RESULTS 
(A) Structure of the Proton Groups 


After measuring the coordinates, ranges, and angles 
of protons, it was found that there were altogether 
four groups of protons present; two for E,=4.2 Mev 
and two for E,=3.6 Mev. Protons originating from a 
disintegration must travel a certain distance in nitrogen 
before they strike the surface of the emulsion. This 
distance depends on the angle at which they are ejected 
with respect to the incident a-particles. In estimating 
the protons range this was taken into account. Table I 
gives the results. 

It can be seen from Column 5 that the Q-value 
obtained for the ground state transition (a) is in 
agreement with the value —1.16 Mev derived from 
the mass data. The shorter range proton group from 
the excited state transition (b) gives a Q-value of 
— 2.0 Mev for both the resonance levels. The ratio of 
the number of protons for the excited state and for the 
ground state is shown in the last column. The range 
of protons in micron is noted in Column 3 and its 
corresponding energy in Column 4. 


(B) Yield of the Process 


An estimate was made of the yield of protons per 
million incident a-particles for the two resonance levels. 
In order to calculate the yield, one must know how 
many protons are emitted for a given number of 
incident particles. The number of a-particles emerging 
from the slit during the course of the exposure was 
determined from the geometry of the slit and the 
strength of the source. Most of the disintegration 
protons were recorded, but some escaped through the 
gap between the two photographic plates. The number 
of these unrecorded protons was calculated according 
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Fic. 2. (a) Angular distribution of the protons for the resonance 
level Eg=4.2 Mev and Q@=—1.18 Mev. The distribution shows 
a maximum at @=90°. (b) Distribution of the protons for the 
resonance level EZ, =3.6 Mev and Q=—1.15 Mev. The maximum 
of the curve is at @=90°. 
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to the method given in the Appendix. For Z,=3.6 Mev, 
the yield of protons for the ground and excited state 
transitions is 0.31 and 0.038, and for E.=4.2 Mev it is 
0.364 and 0.045. 


(C) Angular Distribution 


The angular distribution of protons for Ez=3.6 Mev 
and 4.2 Mev has been plotted in Figs. 2(a) and 2(b), 
respectively. 

Both curves show a maximum at 0=90° in the 
CM system. Figure 2(b) confirms the earlier observation 
of Champion and Roy,‘ who studied the angular 
distribution of protons from the reaction N“(a,p)O"” 
for E.=3.6 Mev by the cloud-chamber method. The 
experimental curves for the two ground state distribu- 
tions can be fitted by the expression 1—cos*@ (given in 
dotted lines). 

Figures 3(a) and 3(b) illustrate the angular distribu- 
tion of protons for the two excited states. No preferred 
direction in the emission of protons is evident. The 
curves are isotropic. 


IV. CONCLUSIONS 


The experimental results show the presence of two 
groups of protons for each resonance energy, 3.6 Mev 
and 4.2 Mev, corresponding to Q-values of about — 1.16 
Mev and —2.0 Mev. The difference between the 
Q-values, 0.84 Mev, reveals the presence of an excited 
level in O'’. This is approximately the value obtained 
from the reaction O'*(d,p)O"” for the groups of protons 
at an excitation of 8 Mev above the ground state of the 
compound nucleus F'**. The ratio of the number of 
protons from the two states is 0.12, which is smaller 
than the value 0.3 obtained by Pollard and Davison 
for the same reaction but with a higher incident energy 
of the a-particles. This difference might be explained 
by assuming that the yield from the excited state 
increases with increasing energy of incidence. The 
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Fic. 3. Distributions for the two excited states, Eg=4.2 Mev 
and E,=3.6 Mev, which are isotropic. 
‘F. C. Champion and R. R. Roy, Proc. Roy. Soc. (London) 
A191, 269 (1947). 
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Fic. 4. Geometrical condi- 
tions of the experiment. 


angular distribution of the ground state groups suggests 
that the probable value for the angular momentum is 
unity. It would seem that the P-wave is involved in 
this disintegration process. 

The author would like to express his thanks to 
Professor Max Cosyns for discussions on the des‘gn 
and construction of the slit and for his constant en- 
couragement and interest in the progress of the experi- 
ment. He is also grateful to the other members of the 
staff of the Centre de Physique Nucléaire for their ever 
willing assistance in the course of the work. 


APPENDIX 


Method of Calculating the Total Number 
of Protons 


Let r be the range of a proton ejected at an angle @ with the 
direction of incidence OZ. The protons will lie on a circle of 
latitude of the sphere, center O (the point where the disintegration 
occurs) and radius r. The vertical section can then be represented 
as in Fig. 4(a). All protons will be distributed on the circumference 
of the horizontal circle of latitude [Fig. 4(b)], which has a radius 
r sind. In Fig. 4(b), O’X is any reference line drawn in the plane, 
and the point P on the circumference is specified by the angle @ 
made by PO’X. It is assumed that the intensity is independent 
of @. If the total of the disintegrated protons be N, the number 
per unit angle of @ will be N/2x. Conversely, if we know the 
number of disintegrated particles over some definite range of ¢, 
for instance 8, then the total over the whole range will be 


(2x/8) Xno. of disintegrated particles in range 8. (D 


If 2d be the distance between the two plates, the particles whose 
paths end within the range of 2d are not recorded. The horizontal 
section in the plane of latitude is then represented as in Fig. 4(c). 
It can be seen from the figure that the particles are recorded for a 
range of @ which is 4a radians; those not recorded are of (2r—4a) 
radians. From the figure, we see that 

(II) 
Therefore, if, in (I), » be the number of particles recorded from the 
experiment, the total number present was 2n/4a, where « is 
given by (ID). 


cosa =d/r sin@. 
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Scintillations in Some Phosphor-Plastic Systems* 


W. S. Koskr 
Department of Chemistry, Johns Hopkins University, Baltimore, Maryland 


(Received December 26, 1950) 


The scintillation properties of anthracene and stilbene dissolved in polystyrene, Lucite, and Paraplex 
have been investigated. The Lucite and Paraplex solutions were very poor counters, but the polystyrene 
solutions compared favorably in performance with pure anthracene. A study of the emission spectra in- 
dicates that the fluorescence bands of polystyrene overlap the absorption bands of anthracene and stilbene; 
consequently, it is possible to have an efficient energy transfer from the plastic to the phosphor in these 
cases and good counting systems result. This is not the case in the systems involving Lucite and Paraplex; 
consequently, their performance as counters is poor. 


I. INTRODUCTION 


ECENT publications“ of results on scintillations 

produced in solutions of phosphors in organic 
solvents suggest the possibility of obtaining similar 
results with solid solutions of organic phosphors in 
plastics. Such a possibility has been under investigation 
in this laboratory and during the course of this work 
Schorr and Torney‘ published their preliminary results. 
In view of the fact that our investigation involved 
more than one plastic system and that the spectral 
studies which we have made shed some light on the 
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Fic. 1. Discriminator curves for some phosphor-plastic com- 
binations using Co® as a gamma-ray source: (A) single anthracene 
crystal, (B) 2 percent anthracene-polystyrene, (C) 10 percent 
stilbene-polystyrene, (D) 2 percent stilbene-polystyrene, (E) poly- 
styrene, (F) background with the source in position but no 
phosphor present. * 





* This work was performed under the auspices of the AEC. 

1 Ageno, Chizzoto, and Querzoli, Atti. accad. nazl. Lincei 6, 
626 (1949). 

* Reynold, Harrison, and Salvini, Phys. Rev. 78, 488 (1950). 

3H. Kallman, Phys. Rev. 78, 621 (1950). 

4M. G. Schorr and F. L. Torney, Phys. Rev. 80, 474 (1950). 


mechanism of the energy transfer from plastic to the 
phosphor, it was considered worthwhile to make a 
report of the results. 

The advantages of phosphor-plastic solid solution 
counters over both the liquid solution and the single 
crystal counter is obvious; however, it might be men- 
tioned that, since one can form large clear masses of 
the plastics very simply, it might be expected that such 
counters could be utilized to count y-rays and fast 
neutrons with higher efficiencies than is now possible. 


II, EXPERIMENTAL METHOD 


The organic phosphors (anthracene and stilbene) 
used in this work were commercial products which had 


been recrystallized from appropriate solvents and then 
further purified by sublimation in high vacuums. When 
single crystals of these materials were needed, they 
were made in the usual manner, by slow cooling of the 
melt. In the preparation of the phosphor-plastic solid 
solution a weighed amount of the phosphor was dis- 
solved in a weighed amount of the monomer of the 
plastic. To this solution about 9.5 percent catalyst 
(50-50 mixture of beyzoy! peroxide and tricresyl phos- 
phate) was added. Then the material was frozen, the 
air was pumped out, and the glass vessel was sealed and 
heated overnight at about 125°C. The polymer was 
then removed from the glass container, cut into disks, 
and polished. The final dimensions of the disks con- 
sisted of a diameter of 1.28 cm and a thickness of 0.40 
cm. Solutions of stilbene or anthracene in the three 
plastics, polystyrene, Paraplex, and Lucite were in- 
vestigated. Concentrations up to 10 percent of the 
phosphor in polystyrene gave a clear colorless solid. 
Attempts to make 25 and 50 percent phosphor-plastics 
resulted in opaque masses. Overheating tended to pro- 
duce a yellowish tint in the plastic which affected its 
performance efficiency. 

The phosphor-plastic disks were mounted on a 5819 
photo-multiplier tube. The output of this tube was 
amplified and sent into a pulse-height discriminator® 
using a Schmitt trigger-type circuit followed by a scale- 
of-1000 counter. Co® was used as a y-ray source and a 


5 Higinbotham, Gallagher, and Sands, Rev. Sci. Instr. 18, 706 
(1947). 
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discriminator bias curve was obtained for each phos- 
phor-plastic system. These curves were compared with 
the curve for a single anthracene crystal of approxi- 
mately the same geometry. 

The spectrograms of the fluorescence in the various 
materials studied here were made with a small Hilger 
quartz spectrograph using Eastman 103-0 plates. Cu 
X-rays were used as a source of excitation. The material 
to be studied was fastened directly over the slit of the 
spectrograph. The slit width was 0.1 mm. The wave- 
lengths were determined by comparison with a standard 
mercury spectrum. 


Ill. DISCUSSION OF RESULTS 


The results obtained for counting Co® y-rays are 
given in the discriminator curves of Fig. 1. The back- 
ground without the source was practically negligible 
so is not included; however, the background with the 
source in place but with the phosphor removed is in- 
cluded, since it was appreciable. It is presumably due 
to the effect of the y-rays on the tube envelope and 
components. It will be noted that the slope for the pure 
anthracene is considerably smaller than the slopes of 
any of the phosphor plastics, indicating a rather dif- 
ferent distribution of pulse sizes; however, at the lower 
bias settings the performance of the 2 percent anthra- 
cene-polystyrene is comparable to that of the pure 
anthracene. The anthracene-plastic is superior to the 
stilbene-plastic, as might be expected. One reason for 
this is that the emission spectra and the spectral re- 
sponse of the 5819 are more evenly matched in the 
anthracene case. : 

The effect of concentration on the counting rate has 
not been studied exhaustively; but stilbene has been 
studied at three different concentrations, and the in- 
dications are that the counting rate begins to flatten 
out when the concentration is greater than a few per- 
cent. For example, in the bias curves in Fig. 1 it will 
be noticed that 10 percent stilbene is only slightly 
better than 2 percent stilbene. This fact appears to be 
compatible with the work of Schorr and Torney.‘ 

The counting results obtained with the Lucite and 
the Paraplex solutions are not indicated, because their 
curves would hardly be distinguishable from the back- 
ground curve. The counts for Paraplex and Lucite were 
only 150 and 200 counts/min, respectively, higher than 
the indicated background curve at the bias setting of 3. 

The spectral data are summarized by the densi- 
tometer tracings in Fig. 2 and by Table I. These data 
indicate a 240A shift of the strong anthracene peak 
toward the blue and a considerably smaller shift of the 
corresponding stilbene peak. In view of the fact that 
polymerization in polystyrene takes place through the 
ethylemic linkage and the unsaturated benzene rings 
are left intact, the stilbene dissolved in polystyrene 
finds itself in an environment which is not too different 
from its crystal habitat so the effect of the solvent in 
shifting the stilbene peak might be expected to be small. 


PHOSPHOR 


PLASTIC SYSTEMS 


WAVELENGTH (A*) 
4235 3e0C 


38% 
TT 





Fic. 2. Densitometer tracings of the emission spectrograms ob- 
tained for the following phosphor plastic combinations: (A) an- 
thracene crystal, (B) 2 percent anthracene-polystyrene, (C) stil- 
bene crystal, (D) 2 percent stilbene-polystyrene, (E) polystyrene. 
X-rays were used as a source of excitation. 


This is not the case for anthracene, however, and conse- 
quently a larger solvent effect is observed. The emission 
spectra of polystyrene is of more interest and of greater 
significance as far as the subject of this investigation is 
concerned. It has been pointed out by several investiga- 
tors®’ that scintillations in unsaturated organic crystals 
are intimately connected with the presence of con- 
jugated double bonds; consequently, one would expect 
styrene to scintillate because of the presence of the 
benzene rings. Furthermore, since the wavelength® of 
the scintillations is determined by the extent over 
which the w electrons can migrate in the molecule, 
polystyrene would be expected to have an emission 
spectra in the region further shifted to the ultraviolet 
than anthracene, since the w electrons in polystyrene 
can migrate only over the extent of the benzene ring. 


TaBLe I. Wavelengths of emission bands of various phosphor- 
plastic systems excited by copper x-rays. 








Material Wavelength (A) 





4475 (strong) 
4740 


Anthracene crystal 


4480 


Two percent anthracene-polystyrene 4235 (strong) 
4090 


4035 
3830 (strong) 


4000 (weak) 
3800 (strong) 
3640 


Stilbene crystal 


Two percent stilbene-polystyrene 


3350 (weak) 
Polystyrene 3200 
3110 








* Gittings, Taschek, Ronzio, Jones, and Masilum, Phys. Rev. 
75, 205 (1949). 

7 W. S. Koski and C. O. Thomas, Phys. Rev. 76, 308 (1949). 

* W. S. Koski and C. O. Thomas, Phys. Rev. 79, 217 (1950). 
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This is not the situation in Lucite, since on the poly- state. This interpretation is supported by the fact that 
merization of methyl metacrylate no conjugated double even in long exposures where the anthracene emission 
bonds remain; and consequently, it would not be ex- is strongly overexposed there was no visible evidence 
pected to fluoresce in the spectral region investigated of the polystyrene fluorescence on the plate, indicating 
here. We have not been able to ascertain the composi- that a large fraction of it had been absorbed by the 
tion of the Paraplex P-43 used in this work; but pre- solute molecules. A similar situation exists in the case 
sumably it does not have an appreciable amount of of stilbene. In the case of Lucite and Paraplex the 
conjugation after polymerization, since there is no fluorescence is very weak, so there is very little energy 
evidence of fluorescence on x-ray excitation. Anthracene transfer from the plastic to the phosphor; and as a 
in solution has been reported® to have a series of intense result, such solid solutions make very poor counters. 

overlapping absorption bands in the 3500A and 2500A The author wishes to acknowledge his indebtedness 
regions. Consequently, the polystyrene fluorescence is to Professor J. D. H. Donnay for the use of his x-ray 
absorbed by the anthracene in the phosphor-plastic ; machine, to Professor R. K. Witt fora sample of Para- 
and the anthracene in turn gives off its characteristic plex, to Dr. Fred Kaufman for the densitometer trac- 
radiation when it falls from the excited state to a lower ings, and to Professor R. D. Fowler for several helpful 


® Radulecu and Ostrogovich, Ber. 64, 2233 (1931). suggestions, 
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A theory of the small-amplitude oscillations of an ionized gas in a static magnetic field is developed, 
including the effects of temperature motions. The Boltzmann equation is solved for this problem, and exact 
expressions are obtained for the distribution function and dispersion relation. A general feature of the dis- 
persion relation is the existence of gaps in the spectrum at frequencies which are approximately multiples 
of w.=eH/mc. The magnitude of the gap depends on the temperature of the gas, being proportional to it 
for long wavelengths. This leads to the prediction of selective reflection of waves impinging on a plasma 
with frequency in the forbidden range. 

For ck>>w», we the waves split into approximately longitudinal plasma waves and transverse waves. 
Detailed analysis is made of the plasma waves for w, small and w, large. At long wavelengths the frequency 
is &™w,?+w2+B(xT/m)k*, where 8 depends on wp and w,. For waves near the Debye length the waves 
are heavily damped. 

Two simplified treatments of plasma oscillations based on transport equations are compared with the 
above treatment. Expressions of the form ww,?+w?2+(«T/m)k? are obtained where the factor 8 is 
independent of w, and wp. In addition, the transport treatments fail to predict the heavy damping near 
the Debye length and the existence of gaps in the frequency spectrum. 


I. INTRODUCTION in the dispersion relation giving the frequency of the 
possible waves as a function of the wavelength and also 
in the polarization properties of the waves. From the 
theoretical viewpoint it is also of great interest to know 
the velocity distribution of the particles if it is possible 
to compute it exactly, since this allows one to see what 
part the individual particles play in sustaining the 
oscillation. Plasmas are of particular interest in this 
connection, since they display organized properties 
depending on the cooperative action of all members of 
the assembly, but are systems still so simple that one 
can follow mathematically the detailed motion of the 
individual members of the assembly to a great extent. 
A detailed physical picture of the mechanism of ordinary 


: plasma oscillations has been given,?~ and in the present 
*Sponsored by the ONR, the Army Signal Corps, and the  —____— 
Air Force. *D. Bohm and E. P. Gross, Phys. Rev. 75, 1851 (1949). 
1H. Lassen, Ann. Physik 1, 415 (1947); H. R. Mimno, Revs. *D. Bohm and E. P. Gross, Phys. Rev. 75, 1864 (1949). 
Modern Phys. 9, 1 (1937). ‘D. Bohm and E. P. Gross, Phys. Rev. 79, 992 (1950), 


HE small amplitude vibrations of a plasma 

oscillating in a static magnetic field are discussed 
in this paper. For the case in which the thermal veloc- 
ities of the particles are negligible, or for the limiting 
case of zero wavelength, the customary' theory of the 
propagation of electromagnetic waves in the ionosphere 
provides a satisfactory treatment of the vibrations, 
including the longitudinal plasma oscillations. The 
customary theory is not adequate to take into account 
the effects of random thermal motions and to treat 
these it is necessary to make use of the general methods 
of kinetic theory. In this type of problem, one is 
generally interested, from the practical point of view, 
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paper we derive exact expressions for the distribution 
function and dispersion relation in the presence of a 
magnetic field. 

The subject of plasma oscillations in static electric 
and magnetic fields has been of interest in experimental 
work with discharge tubes® and in the applications of 
trochotrons.® The instability of the oscillations in mag- 
netic fields seems to have been observed, but there does 
not seem to be much precise information concerning 
the dependence of instabilities on the static electric 
fields and density gradients present in the plasma. 
Electric fields, density gradients, and beams of sharply 
defined energy provide sources from which energy can 
be taken to excite oscillations of the plasma. Theoretical 
calculations have been made on the basis of the gas 
discharge experiments. Bohm has carried out unpub- 
lished calculations showing excitation in magnetic fields 
when electric fields and drift arising from density 
gradients are present. Malmfors’ has discussed the 
oscillations in a magnetic field of a simplified plasma 
consisting of electrons of a single velocity; and claims 
that the system is unstable. Later, we shall treat this 
case and show that, because of an error in his calcula- 
tions, Malmfors’s result is incorrect. 

The same problems have arisen in the studies of 
electromagnetic propagation in ionized atmospheres, 
particularly in the explanations of the origin of solar 
radiation. For example, Bailey* has treated some of the 
problems, taking into account random motions by 
means of Maxwell’s equations of transfer. His results 
show clearly that growing oscillations may occur in the 
presence of electric fields. The maxwell transfer equa- 
tions, however, do not provide an exact description of 
the oscillating plasma, so that Bailey’s results are not 
quantitatively exact. In view of this previous work it 
seems as though some of the conditions under which 
instability occurs are understood, so that we do not 
aim at a complete discussion of oscillations in electric 
fields and density gradients. We shall obtain an exact 
solution for the oscillations in the presence of a static 
magnetic field only and compare this treatment with 
approaches based on macroscopic transport equations 
such as the maxwell transfer equations. It will be 
shown that these lead to qualitatively correct conclu- 
sions, at least at long wavelengths. This is encouraging, 
since in the general case involving drift and collisions 
it is extremely difficult to give an exact treatment, 
while treatment by means of the transfer equations is 
a matter of a few lines of calculation. We must add, 
however, that there are some effects not predicted by 
the transport treatments. Among these are the existence 

5D. Bohm, in A. Guthrie and R. Wakerling, Characteristics of 
Electrical Discharges in Magnetic Fields (McGraw-Hill Book 
Company, Inc., New York, 1949), National Nuclear Energy Series, 
Vol. I, Paper No. 5. 

*H. Alvén and co-workers, “Theory and applications of 
—: Kgl. Tekniska Hégskolans Handlingar, No. 22 
(1948). 


7K. Malmfors, Arkiv Fysik 1, 569 (1950). 
8 V. Bailey, Phys. Rev. 78, 428 (1950). 
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of bands of forbidden frequencies at multiples of the 
cyclotron frequency, and the heavy damping at wave- 
lengths near the Debye length. In addition the quanti- 
tative agreement is poor, particularly when magnetic 
fields are present. 


Il. EQUATIONS OF THE PROBLEM 


The state of the plasma can be described by a 
distribution function’ f(x, v,/), giving the average 
number of particles in a small range of position and 
velocity at a time ¢. The distribution function changes 
with time in accordance with the Boltzmann equation 


vXHo\ of of 
— <=(-) . 
c ov 8t7 cot 


The field Hy is the static magnetic field, while the 
field E includes fields arising from the particles of the 
system as well as impressed electric fields. To under- 
stand the physical assumptions?~*! made in this treat- 
ment, we note that the forces acting on a given particle 
can be divided roughly into two types. One type is the 
ordinary short-range force acting on a particle when it 
makes a close collision involving a heavy momentum 
exchange with a neutral atom, and is taken into account 
by the collision term (5f/8t)ou. In many low-density 
plasmas these collisions give rise to a minor damping 
effect, but in higher-density plasmas they may destroy 
many of the characteristic plasma properties. The 
second type of force is the long-range coulomb force, 
coming from other charged particles of the system. In 
this type of collision a very small momentum transfer 
is exchanged between two particles. A given electron is 
engaged in a many-body collision with a large number 
of distant particles, the effect of which is taken into 
account as a smoothed-out force. This latter force 
depends on the distribution function itself and gives 
rise to the characteristic plasma properties. The electric 
field is determined by Maxwell’s equations, from which 
one can derive the equations 


of e 
—+y- vi+—( E+ 
ot m 


VX(VxX E)= —(@E/cot)— 


ime f vav. 


Equations (1) and (2) are a set of coupled, nonlinear, 
integro-differential equations which determine E and / 
in a self-consistent field problem." 


(420j/cdt) ; 


. "Iti is possible to give an alternative description of the plasma 
which has advantages in understanding the physical processes 
(reference 1). We shall use the distribution function treatment 
here, since it has the advantage of mathematical compactness. 

” A. Vlasov, J. Phys. (U.S.S.R.) 9, 25, 130 (1945). 

“In the static magnetic field problem in general it is not 
correct to determine ¥ from f by means of the Poisson equation. 
As will be seen, this procedure is correct at a limit ck much larger 
than w, and we. In the general case the strong coupling of longi- 
tudinal and transverse motions makes it necessary to use the 
full set of Maxwell’s equations, or equivalently, Eqs. (2). In 
Eq. (1) we have made the customary approximation of neglecting 
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Equations (1) and (2) are, in general, exceedingly 
difficult to solve; but, if one is concerned with only 
small amplitude oscillations, one can put f=fo(v) 
+fi(x, v, ¢) with fi<fo. The function fo represents the 
distribution in the absence of oscillations. One then 
neglects terms quadratic in f; and E, so that the equa- 
tions become linear.” 

The linearized Boltzmann equation, in absence of 
collisions, is 


Of; é 
—+v-Vfit—E 
ot m 


Ofo 0 
oe ty) 


vosomc ov 


e rs) 
+“ (xh) a0. (la) 


mc V 


Since fo(v) is the distribution function in the absence of 
oscillating electric fields, but in the presence of static 
magnetic fields, one must have vXHo(0f./dv)=0. If 
the static magnetic field Ho is considered to be in the 
z direction, this condition is vy(Afo/dvz) —02(Afo/dvy) =0, 
so that we must have fo=fo([v.?+,7}!, v,). The max- 
wellian velocity distribution is of this type. 

The linearized equations may be used to treat various 
boundary problems, e.g., by means of Japlace transfor- 
mation methods.* If we confine ourselves to a discussion 
of the unbounded plasma, we find that, starting with an 
arbitrary initial distribution, the electric field has no 
simple form for small times; but the asymptotic 
behavior for long times for a wave of wave number & 
is e(*=-“ where w(k) is, in general, complex. The 
distribution function has the asymptotic behavior 
fA (v)e~**teitz— eltz—-0), The term A(v)e*@- de- 
pends on the initial state and describes the “free 
particle” motions. If one is interested in the dispersion 
relation and in the part of the distribution function 
corresponding to the organized motions of particles, it 
is sufficient to study a very special initial distribution 
of electrons having the property that for all times the 
electric field and distribution function vary as e(*?-*®, 
This solution does not contain the “free-particle”’ 


forces arising from time-varying magnetic fields, since these are 
of order v/c times the changing electric forces. In Eq. (2) we 
have neglected currents arising from the motion of the positive 
ions. To take into account the contribution of these ions one 
must define a distribution function g(x, v, ) and write the addi- 
tional equation 


(dg/dt)+v- Vg—(e/M)(E+vX Ho/c) - dg/dv= (5g/8t) coi. 


In the present work the positive ions are considered as smeared 
out into a uniform positive charge continuum. 
12 The main condition of validity of the linear approximation is 


E- af; /vKE- afo/dv. 


This condition holds for sufficiently small amplitudes, and for 
most particles continues to hold for rather large amplitudes. For 
particles moving with velocities close to the phase velocity of the 
oscillation the condition breaks down after a long time. These 
particles are connected with the excitation and damping of 
oscillations in the linear approximation, but cease to play this 
role for larger amplitudes. A discussion of these questions is 
given in reference 1. 
13, Landau, J. Phys. U.S.S.R. 10, 25 (1946). 
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contributions and has been so chosen that all of the 
electrons are started with motions appropriate to an 
organized plasma wave.” The dispersion relation ob- 
tained with this solution is the same as that obtained 
in the more general case. In the treatment of the 
magnetic field problem we shall therefore restrict 
ourselves to a consideration of the special steady-state 
solutions. 

Collisions may be taken into account in the present 
treatment by adding a term (5f/6f)on= —(f—fo)/7 on 
the right-hand side of Eq. (la). This represents a 
damping of the ordered (oscillatory) part of the distri- 
bution by collisions with heavy particles. The mean 
collision time is r(v), and in the simplest case is a 
constant. Since we shall look for steady-state solutions 
of the type e‘**-*9, collisions may be taken into 
account by replacing w by w+i/r in Eq. (1a). For the 
present we neglect collisions (see Sec. IV for a discussion 
of the modifications necessary to take collisions into 
account). 


Ill. DETERMINATION OF THE 
DISTRIBUTION FUNCTION 


Let us now attempt to solve Eqs. (1a) and (2) in the 
steady state for plane waves progressing in the x 
direction. The magnetic field couples motions in the x 
and y direction so that we expect both longitudinal and 
transverse components of the electric field. Steady-state 
solutions are found by setting electric field and distri- 
bution function proportional to e***-#“9, where w and 
k are connected by means of the dispersion relation 
which will be found later. If one makes use of the vector 
identity VX(VXE)=V(V-E)—V°E, one can write 
the equations describing the system as 


e 0 0 
ites w\firt“(Be"+ 8) 


2) 
m Vy 


fi = A; 
+ wef %9y—— —) =0, 
Ov, Ovy 


Vz 


(3a) 


wEtArive { oefidv=0, (3b) 


(w?— Ck) E,+ srive f o,fidv=0, (3c) 


where w.=eHo/mce. 

Let us consider the Boltzmann equation first. It is 
possible to obtain the solution of this partial differential 
equation in v, and », from the solution of an ordinary 
differential equation. We introduce new independent 
variables p, 5 (polar coordinates in velocity space) 
defined by 


p=02-+0,2, 
tand=v,/?,z, 


0z= p cosd, 


Yy=p sind. (4a) 
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Then 


@%°mn8 % d sind d) 
A ae ont cosdé———— — 
Ov, pop v2 06 Op p 06 


0 wv, 9d cos’é d 


Ory pop vv; 


of; of of, 

Vy——?— = —— 

Ov, = Oy 06 

We also note that E,(0fo/d0z)+E,(Afo/dvy) can be 

written as (EZ, cosi+ Ey, sind(dfo/dp). Finally, on intro- 

ducing the new quantities F,=E,—iE, and F,=E, 
+iE,, the Boltzmann equation becomes 





; ee. of 
i(kp cosé—w)fi-+— —(F.e*+Fe—*)—w.—=0. (5) 
2m dp a6 

This is an ordinary linear differential equation for 6 
in which p may be treated as a parameter. Thus, the 
solutions of the equation contain an arbitrary function 
of p which must be chosen so that the distribution 
function is periodic in 6 with period 27, as is required 
by physical considerations. 

The general solution of the equation is 


kp sind— wd 
fi=A(p) en +:(-——) 
We 
kp sind— wd 
xexp|'(-——) 
We 
$ kp sind— wd 
fale) 
0 We 


e dfo 
-—— —(Fy*+Fye—*)di. (6) 
2mw, dp 


In order to discuss this equation further and to obtain 
the periodic solutions, we make use of the expansion 


+o 

ey eae nb 

el sind — J (z)e! nd 
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The distribution function becomes 


kp sind— wd 
fr=A(o) en +i(-—*) 
We 


kp sind— wd e dfo 
ofS 
We 2mw, dp 
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To select the solutions periodic in 6 of period 27, one 


tons E42) 


F, F 
x| + = ; 
i(1+n+w/w.) i(n—1+w/w,) 


é dfo > 
A(p)=——- — 
2mw. dp - 





This gives for the velocity distribution 


e dfo kp sind 
bee e(-2) 
2mw, dp n=—0 


; —1)s 
Fye™ 


sae ; (8) 
i(n— 1+ w/w) 





Fett 
x| ‘ 
i(1+n+ w/w.) 
We take Eq. (8) as the correct distribution function for 
an oscillating plasma in a static magnetic field. The 
distribution function may be expressed in terms of v, 


and v, by carrying out the transformation (4a); but 
the result is, in general, exceedingly complex. 


IV. THE DISPERSION RELATION 


To obtain the dispersion relation connecting w and k 
we must substitute f,; from Eq. (8) into Eqs. (3) and 
set the determinants formed by the coefficients of F, 
and F, equal to zero. [We note that E,=}(F.+F,), 
E,=—i}(F,—F,) in Eqs. (3).] This will give w as a 
function of k, and for each value of w it will be possible 
to determine the ratio of amplitudes F,/F,. In carrying 
out the procedure it will be necessary to compute the 
integrals fv.f;dv and f»,f,dv. We introduce new 
quantities a, 8, y, 5 by 


aF+AP,=8xeif v.fudv 
4ne* Lied 
= i nf consdb f dv, 
MWe“ o 
Ap siné 
coo) 0(* 


Fein ti Fye(n—vs 
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x ————|, 
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In terms of these quantities the dispersion relation 

becomes 

(wta)(—w*®+c?kh?+wd)— (w+ B)(w?— 7R?+ wy) =0. (11) 

We now compute a, 8, y, 6, making use of the expres- 


sions 


n(z)=(1 2) f etindgiz sindg 
0 


J,.(—2s)=(—)"Ja(z), J—n(s)=(—)"J n(z). 


Use of the above integral expressions for the bessel 
function in Eqs. (9) and (10) gives 


+2 x 
a, B= (4re* mo.) f ao, f p’dp(dfo/dp) 
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To obtain the dispersion relation, one must substitute 
these expressions in Eq. (11) and solve for w as a 
function of k. In general, this is not easy since w is 
contained in all the terms of the summation in Eqs. 
(12) and (13). However, at the limit of kv.,/w-<1 one 
can replace the bessel functions by their values at 2’s 
and only a small number of terms remain. Thus by 
direct expansion the dependence of w on k can be found 
for long wavelengths and high magnetic field strengths. 
We shall carry out this expansion later, and in addition 
we shall represent the series occurring in the above 
equations by a definite integral which will permit 
computation of the dispersion relation in the general 
case. 

In investigating Eq. (11) one makes use of what is 
known about the dispersion relation in absence of 
random thermal motions. This dispersion relation can 
be written as 


— 5?) (w?— w,?— Ch) —w2(w?@— CH) =0. (14) 


(w* 
Solving for w* we find 


wo —w,2=F(w2+CR)+4[(w2- CR) +4020,"}'. (15) 


In the limiting case of a zero magnetic field there are 
two types of solutions: w=w,? and w=w,’+ck*. The 
first is a “plasma-type”’ solution in which the oscillations 
are purely longitudinal; i.e., E,=0. The second solution 
represents transverse electromagnetic waves traveling 
through the ionized gas; i.e., E-=0. In the limit ck>wp 
the effect of the presence of ionized gas is negligible, 
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and these latter waves become electromagnetic waves 
in free space. For non-zero magnetic fields one can 
again easily separate the types of waves, provided 
ck>w, and ck>>w,. We then expect to have two sets of 
waves: one set at frequencies comparable to ck (electro- 
magnetic) and one set at much lower frequencies (the 
plasma waves). From Eq. (14) the plasma waves are 
found by putting w’*—w,’—Ck~—Ck* and w*—ck* 
~— ck. The result is w*~w,’+w,’. For the electro- 
magnetic type one finds 


wre + w,?/(1-w2/2R eek +0 2+ (wpw?2/CR). 


For the general case in which ck is comparable to w, or 
we, the waves cannot be separated into purely longi- 
tudinal and purely transverse sets and the dispersion 
relation becomes complicated (Eq. 15). 

Our general dispersion relation can also be simplified 
in the limit of large ck’s. We find that the plasma-type 
solutions are given by 


w~—}(a+ 8). (16) 


This will be evaluated in later sections, and we shall 
find that Eq. (14) is obtained in the absence of random 
motions. From Eqs. (3) it is seen that these oscillations 
are longitudinal. The electromagnetic type solutions 
are given by 


(17) 


Finally, we discuss the modifications which must be 
made in Eqs. (3) and (11) in order to take into account 
the effects of collisions. In the model adopted here 
(6f/6t) con=(fo—f)/7= —fi/7, so that one must replace 
w by w+i/r in the Boltzmann equation (3a) and in 
consequence in the quantities a, 8, y, 6. On the other 
hand, this replacement for w must not be made where 
w appears explicitly in Maxwell’s equations (3b), (3c), 
and hence in Eq. (11). Thus, the proper procedure is to 
replace w by w+i/r only when w occurs in a, B, 7, 6. 
Actually, the model adopted here does not represent 
collisions but describes a process in which electrons are 
absorbed by atoms at a rate depending on the prevalent 
distribution at the given time and are re-emitted at a 
rate depending on the equilibrium distribution. As a 
result, in computing the charge density of the system 
one must take into account the changing net charge of 
the trapping centers. This charge, however, does not 
contribute to the currents so that the procedure de- 
scribed above for computing collision effects may be 
employed. The present model serves only to take into 
account damping arising from destruction of phase 
relationships at collisions. 


w~ck*+ck(b—). 


V. DISPERSION RELATION FOR A PEAKED 
VELOCITY DISTRIBUTION 


In this section we study the special plasma treated 
by Malmfors,’ an electron gas with a sharp distribution 
in a plane perpendicular to Ho. We investigate whether 
excitation is possible, point out the existence of gaps in 
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the frequency spectrum, and replace Malmfors’s results 
by what we believe to be correct expressions. 
Let us take for the velocity distribution 


fo(p, v2) = (po/2mvo)5(p— v0) - g(v2)/go, 


where 6 is the Dirac delta-function. Here 


+00 
f g(v,)dv, = £0, 


x 


vp is the absolute velocity of the particles in the plane 
perpendicular to Ho, and po= /_.**fodv is the density 
of the ion gas. Then 


dfo ‘dp= (po 2409) 5’ (p—v0)g(v2) £0, 


where the 6’-function has the property 


+2 


f f(x)6'(x—a)=—f'(a). 


—o 


With these assumptions and with the help of Eqs. 
(12), (13), and (42), the following expressions for a, 8, 
y, 6 are obtained: 


a, Y= — (wz?/2w.00) (d/ dv) | v0?(Ko+ Ke) }, 


B, 8= —(w,?/2u.00)(d/dm») {ro LotK;,)}. “2% 


As discussed in Sec. IV, one finds the plasma-type 
solutions for large ck from the simplified dispersion 
relation w—}(a+ 8). The dispersion relation for the 
plasma-type solutions is 


or at +0 (Sn t+Jn+2)* 
a ge etsy 
n=—2 (n+1+w/w,) 


4w Uo dv 


This can be put in the form obtained by Malmfors by 


writing 
wp 1d 
Pha ce? 7 | 


+00 2n Fit. we] 
~ dod hdd 


n=—*% X (w/w-)(n+w/w-) 


where we have put A= kvo/w, and have used the relation 
InN) +I ngi(A) = 2nJ,(A)/X. Finally, we have, using 
the identity 


+® 


> aJ,(A)=0, 


n=- 


(19) 


wp id +0 Jn(JnitJ n41) 
pois. Se [> “| 
2w.? Add 


n=—% N— w/ We 

It is to be noted that this dispersion relation differs 
from that of Malmfors in that a factor 7 is not present 
and in addition the sum, rather than the difference, of 
Jn—1 and J,41 appears on the right-hand side. It is 
possible to check the correctness of the above expression 
if one remembers that in the limit of zero velocity ; i.e., 
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\=0, the system becomes a plasma at zero temperature, 
for which the dispersion relation is w*=w,’+w,?. The 
above relation reduces to this expression while that of 
Malmfors does not. 

The most interesting feature of Eq. (19) is the be- 
havior when w is approximately a multiple of w,. We 
shall now show that there is a jump in the frequency in 
this region. It is particularly easy to study the behavior 
in the limit <1. We note that in the absence of 
thermal motions, i.e., A\=0, one can always choose w, 
so that w is a multiple of w,; e.g., with w,’=3w.? one 
finds w=2w,. In the following discussion it will be 
assumed that w,*-~3w,?. One may write Eq. (19) in the 
form 


1=——- (20) 


wp" 1 “| fae 
w \dXr 


nJ .* 


n=—2 N— W/ We 


Expanding J, and retaining only powers of A up to the 
fourth, one finds 


og if: 1 
~- | —-+— ; |- ———___——, 
1—w/w. 1+0/w.J 8w02(2—w/w,) 


wp? 
w? 2 


For A=0 this gives w?=w,’+w". With w~2w, the 
equation simplifies to 


Wy 1 
In— 


=, (21) 


“at (w?) w2—1) w? 8 thmu/ad 


When w/w, is less than 2, the second term on the right- 
hand side is large and negative; when w/w, is greater 
than 2, it is large and positive. The first term on the 
right-hand side is slowly varying so that the dispersion 
relation can be satisfied only if w/w, does not pass 
through the value 2. We can show that w/w. jumps 
discontinuously as w, is varied continuously. Let us put 
w/we=2+ed and expand w*/w.—1. The dispersion re- 
lation becomes 


w2~tw,?—$wyeA+}(w,7A/e). 


Thus, as w,’ varies continuously in the vicinity of 
3, the dispersion relation can be satisfied by tak- 
ing e=-(g’y)!. The magnitude of the jump in w is 
A(w/we)~(¥)'A and is proportional to the velocity of 
the beam. A similar behavior occurs when d is no longer 
small; but, in this case, many terms of the same order 
of magnitude enter in the dispersion relation so that it 
is more difficult to find an expression for the magnitude 
of the gap. 

It might be thought possible to satisfy Eq. (20) by 
letting w be a complex number, representing damping 
or instability of the oscillations. We shall now show 
that, at least for <1, this cannot be done. In examining 
complex solutions one writes w=wr+io, where we and 
o are real, and one separates the real and imaginary 
parts of Eq. (20). For XK1 and w/w <2 one can use 
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Eq. (21) instead. One finds for the imaginary part 


@, 1 


3.2 (wr/twe—1)?-+(02/e2) 


9 2 
Wp A 


— =0. 
8w2 (2—wr/we)’+ (07/w.”) 
With wr/w-=2 one obtains o?= — $X*, showing that it is 
not possible to satisfy the dispersion relation with real 
values of o. We have not undertaken a complete study 
of the dispersion relation (20), but the same type of 
consideration would seem to hold for all values of X. 

The behavior of the dispersion relation for a plasma 
in a magnetic field is similar to the behavior of the 
energy-wave vector relation for an electron moving in a 
solid. It will be remembered that the permissible values 
for the energy of the electron lie in bands, the edges of 
the bands corresponding to wavelengths at which 
Bragg reflection of the electron waves occurs. It is 
possible to have energy values in the forbidden region 
only by allowing & to take on complex values. This 
behavior refers to the experimental situation in which 
electrons of the forbidden energies are reflected from 
the surface of the solid. One is therefore led to expect 
that electromagnetic waves impinging on a plasma in a 
magnetic field wili be reflected in selective frequency 
regions. Since the width of the gap depends on the 
temperature of the electrons of the plasma, it is possible 
that the theory may be useful in analyzing plasma. It 
is to be realized that in actual practice one may have 
to take into account effects of varying plasma density 
and absorption because of electron-atom collisions. The 
latter effect can be treated by the methods developed 
in this paper. It is to be noted that the underlying 
reason for the band structure is the same for the plasma 
as for the solid. In the solid-state problem one studies 
the propagation of an electron wave in the periodic 
field of the lattice, while in the plasma one studies the 
propagation of waves in an electron gas in which all 
electrons are rotated with a period equal to the cyclo- 
tron period. 


VI. DISPERSION RELATION FOR A SMOOTH, 
MAXWELLIAN DISTRIBUTION 
The maxwellian distribution for the unperturbed 
system is particularly important in comparing the exact 
method with the transport solutions. The distribution 
function is 


fo=No(m/2nxT)! exp[— (m/2xT)(v,2+ p*) J. 


In the Appendix expressions are given for a, B, y, 6. 
These enable one to study the general dispersion rela- 
tion. Here we confine our discussion to the plasma-type 
solutions (ck>>w.,w,). and find for the dispersion 
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relation: 


+2 (JntJn4 2)? 


n=—© N+1+w/w, 


(22) 


Substituting the maxwell distribution for fo, and using 
the identity 2nJn(z)/2=Jn4it+Jn—1, one obtains 


We m 2 a m 
fare Bak | pee Be 
RA2TS Jo 2«T 


n=—0 N+ w/ We 


With A\=kp/w., 1/u=mw?/xTk’, this can be put in 
the form: 


tof em.) 2 ? 
w=4u,——( Df dexp( - ‘dan 
RANTS So 2u 


te mJ,2(0) 
x5 ——. 


n=—2 n+w/w,e 


(23) 


We shall study this dispersion relation in the two limits 
u<1 and u>>1. The first case corresponds to the limit 
of low temperatures and long wavelengths, while the 
second case represents the behavior in the limit of 
weak magnetic fields. 


(A) When v<1 


To see how to handle this case we first evaluate Eq. 
(23) in the limit 7-0, using the expressions for the 
bessel functions of small argument, 


To(NI—4N, Ta (AVLA"/2n!, 


wef 1 i 
o=- i +— ——-|, or w= w,’+a-2. 
2w- 1+w We 


—1+w/w,. 

The dispersion relation at low temperatures can be 
found by carrying out the expansion so that the disper- 
sion relation contains terms of the order of uw. The 
result is 


KTR \ wsw f w 
mw 2 a) wo2 
2 2 


-( 1 
8\—3+0/H, —1+w0/w, 
3 2 
wis —+——), (24) 
1+w/w, 2+w/w, 


w/We 
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This equation is still quite complicated; and one must 
take care not to introduce irrelevant roots, i.e., roots 
which do not tend to the correct values as T—0. To 
obtain the information which interests us we study 
several special cases by substituting the value w*~w,’ 
+w-? in the last term of Eq. (24). We find that 


P= wet wrt twewe(kTR?/mw2) for wwe, (25) 
Wp~w,, (26) 


wWpKw,. (27) 


w= wp +o? —fwe(cTR?/mw,*) for 
w= wp tw. — fw (xT R?/ mw.) for 


We see from these examples that the coefficient of 
xTk?/m depends, in general, on the parameters w, and 
we. As we shall see later, the transport treatments give 
results of the correct general form; but the coefficients 
are fixed numbers. The same type of difference can be 
found if one does not restrict the discussion to the 
plasma-type solutions, but considers the strongly 
coupled waves when ck~w., w», for which it is necessary 
to use the complete dispersion relation (11). 

In addition to the above-mentioned discrepancies 
between the transport and the exact theories, there is a 
more serious difference when w is approximately a 
multiple of w.. As in the previous section, this will 
always occur, since w, varies continuously and gives 
rise to discontinuous jumps for w at multiples of w.. 
We find from Eq. (24), with the help of the analysis 
of Sec. V, that the gap width when w~3w, is 
Aw=(16/9)3(xT/m)*k. This is proportional to the mean 
velocity of the plasma electrons and to the wave vector. 


(B) When u>1, (i.e., ma2/k’xT<1) 


This case represents the limit of a weak magnetic 
field and we should be able to recover the dispersion 
relation for plasma oscillations in the absence of a 
magnetic field when w.=0. We notice that in this case 
w/w is also expected to be very small. If this occurs in 
such a way that mw*/k’xT>>1, we obtain the ordinary 
expression, w?=w,?+(3xTk?/m); but if mw?/k?2xT™1 
we should find that w is heavily damped,” * expressing 
the fact that waves shorter than the Debye length 
cannot exist. 

Our starting point is Eq. (23). This equation may be 
transformed by using the identity 


JX(\) w +0 
Sc +B J2(d), 


w2 n=—-ontw/w,. Ww, r=” 


+o mJ,7(A) w? + 


n=—o n+ w/w, 


where 


+0 
LD Jnr(A)=1. 


n=—@o 


If we introduce the quantity A=4w,’w3/k*(m/2xT)’, 
Eq. (23) becomes 


wo ~ x +o J, 
(«+=a4)= —f r exp(——)an > —_ 
wooo pF n=—@ n+w/we 


With the help of the methods developed in Appendix 1 
we may write 


+0 Jai) 


- ap 


n=—2 N+ w/w ~ exp( Gude /u W-) ra 


®@ 
X (v2A[1—cosy ]!) nits) (28) 
We 


If we invert the order of integration in Eq. (28) and 
make use of the expression 


f Jo(at) exp(— p*f*)dt= (1/2?) exp(—a?/4p°), 
0 


we find the dispersion relation 


2 


Ww oe 1 
(++=1«)- gt NS REL 
We w.? exp(tw2m/w- Soak 


xf “ewn(i=7)-« -~(l—cosy) dy. (29) 


This form of the dispersion relation holds, of course, for 
u small as well as w large; and, if we wished, we could 
derive the formulas of the previous case by expansion 
of the integral in powers of u. However, the main 
interest in the present form lies in the fact that it is 
possible to derive asymptotic expansions for the integral 
when w,/w and 1/u are small. 
The integral 


=f exp[i(w We) y_JemH—e08y) 


0 


is studied in Appendix 2. For w/w,’<1 and 
(xT/m)(k?/w,")<1, one finds for the dispersion relation 


w= wr t+we+ (3xT/m)P+9(w2xT/w,?m)k? 
+ (6/wy?)(xTk?/m)*. (30) 


Thus, in first approximation one finds that the contri- 
butions from the magnetic field and thermal motions 
are not coupled, while in second approximation they 
are. The case where («7 /m)(k?/w,?)™1 leads to complex 
values for w, representing heavy damping of waves 
near the Debye length. The expression for the damping 
is that found by Landau,” slightly modified by the 
effects of the magnetic field (see Appendix 2). 


VIL. TRANSPORT EQUATIONS 


Finally, we discuss the macroscopic treatments of 
the plasma oscillation problem and compare them with 
the exact solution of the Boltzmann equation. The 
transport treatments aim at taking into account effects 
of random motions, i.e., finite temperature, using a set 
of equations for the moments of the distribution func- 
tion. Physically, these equations represent continuity, 
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momentum, and energy transport equations, etc. The 
infinite set is terminated after a few equations by 
assuming some expression for the highest moments in 
terms of the lower ones. This termination makes the 
equations a determined set, and should be accomplished 
according to a definite procedure so that higher approxi- 
mations can be carried out. It will develop that if one 
restricts himself to a low order of approximation, these 
treatments give qualitatively correct results in many 
cases, although quantitative accuracy cannot be ex- 
pected. The advantage of the macroscopic treatments 
is that they can be applied to many cases in which the 
exact solution of the Boltzmann equation cannot be 
obtained, particularly when this contains the integral 
terms resulting from considering collisions. It is there- 
fore of interest to check the results of the macroscopic 
treatment with the exact solution when the latter can 
be found. 

The first step in the transport method is to write the 
correct Boltzmann equation for the problem under 
discussion. For our problem this is Eq. (1), where in 
the present analysis we neglect collisions. The moments 
of f (density, mean velocity, etc.) are defined as 


p(x, = fsa, ple)= fryav, plea)= f vayfa. 


We then take the zero and first moments of Eq. (1). 
This gives 


(p(v,)2)— —p—w,p(v,)=0, (31b) 


Ox m 


(p(?z))+ 


0 2 
-+-—( pvt, —p+w,p(v,)=0, 
Ox m 


(31c) 


))— 


7] 0 
(p(v2))+ ~(p(vzv:))=0. 
ot Ox 


(31d) 


Equation (31a) is the equation of continuity and 
Egs. (31b, c, d) are the equations of momentum trans- 
fer. Instead of writing the second moment equations 
shall find it sufficient to obtain an 
+0,*) ]/at. Using Eq. (1) and 

T(x, t) by means of the 
2+1,?+1,7)), we have 


0 3xT 0 
(+ )+ [o(v.2+0.0,?+0,0,) ] 


ol m Ox 


separately, we 
expression for d[ p(v.2-+2,? 
introducing the quantity 
definition $«7(x, t)=3m((1 


2e 2e 
——E$0-—Ef,p=0. (3ie) 
m m 
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It will be noticed that the magnetic field terms do 
not occur in Eq. (31e), and that this equation contains 
third moments, so that there are too many unknowns. 

We shall describe two different methods of treating 
the above set of equations. The first is equivalent to 
the use of the maxwell transfer equations and was first 
used to describe plasma oscillations by the Thomsons." 
It has recently been extended by Bailey* to describe 
excitation of plasma oscillations in the presence of 
static electric and magnetic fields. For the discussion 
of small amplitude oscillations we may write Eqs. (31) 
as 
cE, 

——w{vy)=0, 
ox om 
(vzy) 0bp eEy 


{20,)+— -———-F- WAU» 
po Ox ™ 


Ov;) 


v," dbp 
- (32a) 
Po 
—— )=0, (32b) 
ot Ox 
with p= po+ dp. If one now assumes with the Thomsons 
that (v,”) is a constant equal to xT /m (since }m(v,) 
=4xT»), where Ty is the constant temperature of the 
plasma and assume with Bailey that (v,v,)=0, Eqs. 
(31a), (32a), and (32b) become a determined set of 
equations. For if we note that E, and E, are determined 
in terms of p, (vz), (vy) with the help of Maxwell’s 
equations (3b) and (3c), we see that we have three 
equations to solve for the unknowns p, (vz), (vy). 

If we set all quantities proportional to e‘*?-*9, we 
easily find the dispersion relation 


(w?— wp? — k’xTo/m)(w*— wy’— C7’) 


—w2(w’—Ck?)=0. (33) 


In comparing this with our previous results we note 
first that the exact treatment indicates that this type 
of relation cannot hold for large values of k when 
damping effects become appreciable in the linear 
approximation. Second, the term «7 k*/m replaces our 
previous terms in Eqs. (25), (26), (27), and (30) in the 
limit ck>>w,, we. This shows that for long wavelengths 
the transport dispersion relation has only semiquanti- 
tative accuracy. One can see the reason for this dis- 
crepancy most easily in the case treated by the Thom- 
sons, i.e., plasma oscillations in the absence of magnetic 
fields. Then the assumption was that to first-order 
terms the term 0(v,”)/dx is negligible compared to the 
other terms in Eq. (7). With the help of the distribution 
function 


f=folv)+[eE./mi(kv.—w) Jdfoe***-*”/d0v,, 


we see that this is not the case and that the contribution 
of this term is, in general, of the same order as those of 
the terms retained by the Thomsons. We remark in 
passing that the transfer treatment corresponds to the 
lowest salghessmanrit in the method of treating thermal 


wy J. and G. P. Thomson, Conduction of Electricity va Gases 
(Cambridge University Press, London, 1933), Vol. 2, p 
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motions by expanding the distribution function in 
spherical harmonics, but a study of the effects of higher 
approximations has not yet been carried out. Although 
the complexity increases greatly for the higher approxi- 
mations, this procedure is still easier than finding 
exact solutions. 

The second method of solving the transport equations 
is an adaptation of the Hilbert-Enskog zero approxi- 
mation and is somewhat more systematic though more 
complicated. In this method one uses Eqs. (2) through 
(6) and takes the distribution function to be of the form 
f=p(m/2xxT)) exp(—m/2xT)[(v2—(vz))” 

+ (vy—(vy))?+(v2—(v2))? J, (34) 
where p, 7’, (vz), (vy), (v-) are functions to be determined 
by Eqs. (2) through (6). One can easily verify, by 
forming moments with the above distribution function, 
that these are the same as those used in setting up Eqs. 
(2) through (6). Furthermore, the above distribution 
function allows one to express the higher moments in 
terms of the five unknown functions, so that Eqs. (2) 
through (6) become a determined set of five equations 
in five unknowns. We have, in fact, 

pode) = p(vi(ve) +5ipxT/m, 
pv20y2) = plvz(vy)*+ p(vz)xT/m, 
pvz*)= p((vz))*+3pxT(v2)/m. 
If we substitute these equations into Eqs. (31), put 
p=potép, T=T +67, and simplify the equations for 
the case of small oscillations, we find the dispersion 
relation 


[w?— wp?— (SxT ok?/3m) |(w?— w,?— C7?) 
— we" (w?— c*k?) =0. 


(35a) 
(35b) 
(35c) 


(36) 


This differs from the previous treatment in that «7 ok?/m 
is multiplied by 5/3. Comparing these results with the 
discussion given in Sec. VI, we see that the transport 
treatments do not predict bands of forbidden fre- 
quencies and a variation with magnetic field of the 
coefficient of the temperature term. The precise value 
of this coefficient will be important in all questions 
where the group velocity of the waves is significant. 
These results lead us to expect only qualitative accuracy 
in treating the excitation of plasma-type oscillations in 
a plasma with static electric fields as has been done 
by Bailey.® 

The author is happy to express appreciation for the 
interest and encouragement of Professor A. von Hippel. 
He is also indebted to Professor D. Bohm for several 
stimulating discussions. 


APPENDIX 1 


Let us now evaluate the series occurring in Eqs. (12) and (13). 
g 1 
We have to deal with series of the types 
K t Im+p(@)Jm(a) 
Pawo m+1+a/w.’ 
rae St — ImepJin_ | 
B n=—o M—1+ w/w, 
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We start from the addition theorem for bessel functions'* 


J (cheB= LY Inym(a)Im(bye™?, (38) 


ones 

This relation is valid if the five quantities a, b, c, 8, y are all real 

and are restricted by the relation ce =a—be~‘7. For our purposes 

we shall want to put a=) and to let y range along the real axis 

from 0 to 27. Then, if c and 8 are to be real for all y, we must 

have c?=2a%(1—cosy) and e#=(1—e-*)/v2(1—cosy)!, or tang 
=sin8/(1—cosy). Equation (38) becomes 

J,(vZa[1—cosy #)(1—e"*7)?_— ¢? 

: : es ae ae im 

= 2 -m(2)Jm(aye™?, (39 

(v2)»([1—cosy }#)” SEB abe ”) 

To sum a series of type K, we multinly both sides by 

exp {il(w/w-)+1]}y} and integrate y from 0 to 2x. The result is 

i 
K,=—; . . 
?  exp(iw2x/w-) —1 


. (40) 


- a J y(v2a[1 —cosy })(1—e7*7)? exp {il (w/we)+1 Fy}dy 


(v2)?(1—cosy) 
Series of type ZL, may be summed by multiplying by 
exp{i[(w/w.)—1]}y} and integrating. Since we are concerned 
only with Lo, we find 
j 


lo= , 
exp(iw2a/we) —1 


_ 
xf, Jo(v2a[1—cosy }) exp| (2-1) Jar. (41) 
( w 
In the present notation the expressions for a, 8, y, 6 are 


4re? +2 0 d 
a, y= = rf” dv, |, etde>~(KvtK:), | 


Mw Pp 

ma ane | Me 
rf" doef dp (Kyt Ly). 
J —« 0 do 

For the case where fo is maxwellian it is possible to simplify 
the preceding expressions. This procedure is illustrated in Sec. VI 
for the special case of the plasma-type solutions (Eq. (28)), and 
consists of inversion of the orders of integration and subsequent 
use of the relation 


ox aie a’ —a 
J, J (at) exp( — pe yt idt= (2p)er exn(F5): 


The resulting expressions are 


B, d= 
Mw 


(43) 


1 of RN Di natesied . G i 
we exp[t2x(w/w-) ]—1 Ju i exo (2+ i>] 
x{(d du) (pe #O- cos?) + bu(1—e-*7)%e-#l cosy)), 
w,? i be iol {@ 
B, b= — er ar exp| i( — 
¢ exp[i2a(w/w-) ]—1 J ” exp (2+ i)y| 
X [hu(1 — e7*7)2e- Hes) + e217 /dyu) (ye m(—eosY))], (44b) 


a, y= 


(44a) 
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Let us consider the integral 
ror aS 
es J, expLi(w/w.)5] exp[ —u(1—cosd) ds, 


where w is assumed to be real. We find that the stationary points 
(in the complex plane) of i(w/w.)5—u(1—cosé) are given by 
59=igotm:2x, where singo=w/w-u, so that @o is real and 
positive. In our problem pu=(k*/w2)xT/m, so that w/w.u 
= (m/«T)(wwe/k*)0 as we 0 and w*/w2u=(muw*/«TH) is con- 
stant. The next step is to léok for contours along which the 
imaginary part of the argument is constant. For the contours 


‘6 E, Jahnke and F. Emde, Tables of Functions (Dover Publi- 
cations, New York, 1945), p. 144. 
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1[i(wd/w.) — u(1—cosd) ]=0. With 6=u-+iv this becomes (wu/w-) 
— sinu sinho=0. By Cauchy’s theorem we may deform the path 
from 0 to 2m to pass along the paths of constant imaginary 
argument indicated in Fig. 1. On the portions 7; and J, the value 
of the imaginary argument is zero, while on J; and J, the value 
is 2iw/w.. Thus, the integration along J; and J, gives 
—exp[24i(w/we) }(/:+/2). Furthermore, the contribution to the 
integral is greatest near the origin and decreases as one proceeds 
along J; and J:. As a result, the main contribution comes from 
the integrals along the straight portions 7, and J,. We now study 
7, in more detail. For w,./wX1 


h=if~ 


Putting {=a.¢/w, we find 


12/02, " 
l=i- % Me fexp| —u(1—cosh“*r) Jar. 
w/e @ 


We now note that the factor ef starts at 1 and decreases to 
exp(—w?/w2u) at the upper limit, while the other factor starts at 
1 and increases to only exp[}(w*/w2u)] when w, is small. One 
can therefore evaluate J; by expanding the second factor in a 
convergent series about ¢=0 and integrating term by term. The 
result is 


er exp[ — (w/w-)@] exp[—»(1—cosh¢) dg. 


21t wt Nat? at J4t 


‘ot 2! ot 


Zig 2 2 ya 2 fey? 
am tf 4 Me v aoa Ge Suw?\ o 


e Pk ty e 

+ (ut 152+ 1S) ot . Jar. (45) 

The upper limit gives rise to terms of order exp(—mw*/xTk*) ; 
and if one is not interested in studying the behavior of the fre- 
quency for waves of the Debye length, such terms may be neg- 


GROSS 


lected by letting the upper limit tend to infinity. The sum of the 
contributions along the two straight portions then becomes 
L+14=i(w-/w)[1—exp(2riw/we) J 
pw? 
x4 1+" 
Ure 
When this value is substituted in the expression (29), one finds 
the dispersion relation 


2.3 Tw, wtfaT.\ , 15 2 
= 14+ S44 Oo 4 15° (ae +13(Ze). (47) 
w w m Ww w m w\m 


we! w5 : 
+= (ut 3y*)+— (ut 158+ 15,2) }. (46) 
wW Ww 


w 
w,* 
Equation (47) can be solved by successive approximations when 
w?/w,* and (x7 /m)(k?/w,*) are small. In the first approximation 
one puts w=w, on the right-hand side and obtains w*=w,? 
+(3xTk*/m)+w. This reduces to the formula for the frequency 
of plasma oscillations in the absence of a magnetic field. The 
second approximation to the frequency may be found by substi- 
tuting the first approximation into the right-hand side. It is 
wo = wy? (3h2KT /m) + wet (QwexT k?/w,?m) 


+6/(xTR/m)%w,%. (48) 


We must now consider the contribution of the curved portions 
to the integral J. As one proceeds along the curve out from the 
saddle-point 6, the contribution to the integral rapidly becomes 
negligible, so that one may use the first approximation in the 
method of steepest descents.'* We note that since we are inte- 
grating along a path in the complex plane, we are to expect a 
contribution which will make w complex. The contribution to J is 


@ (2x)d elie) M(1—cosdo)} 
fet tye) eng dake rae, 
si Mas [ exn( ri*)| 2 ui(cosdy)# 


If this expression is inserted in the dispersion relation (29), one 
finds for the imaginary part of w=wr+io, 

he iia (2)! exp(— mw*/2xTk?) 

2(2e)ARNKT] (1+ w'w2m/k«T)* 

By a comparison with Eq. (19) of reference 1 we see that this is 

only the Landau damping slightly modified by the presence of 

the magnetic field. It is to be emphasized that these results hold 

only for the case of small damping and small magnetic fields. 

If w has a sizable imaginary part, the assumption that w is real 
which has been made in evaluating J will break down. 


(49) 


(50) 


(Cambridge University Press, London, 1946), p. 473. 
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The number of states of energy less than 25 Mev is calculated for a simple model of a nucleus of 20 nucleons. 
Kinetic energy and the effect of symmetry on the potential energy were considered to be the only systematic 
contributions to the excitation. A method of classification of states by supermultiplets, using mainly their 
projections on the S-T plane, is presented. An empirical formula for level density in light nuclei is deduced. 


I. INTRODUCTION 


HE neutron scattering measurements of Barschall 
et al. at Wisconsin and of the group at Minnesota! 
have made valuable additions to our knowledge of the 
energy levels in light nuclei. These results, combined 
with those on proton capture and the well-known 
frequency of resonance capture of slow neutrons in 
heavy elements, provide a considerable body of em- 
pirical information on the density of energy levels in 
nuclei, at least for relatively low angular momentum. 
Unfortunately, the empirical evidence cannot be con- 
sidered to be complete, except in limited instances, 
because of practical difficulties in the resolution of in- 
dividual peaks and in the identification of the angular 
momenta of the resonance levels. Moreover, the statis- 
tical theories are not wholly adequate to an interpreta- 
tion of most of the more precise information since this 
covers a range of intermediate mass numbers, 20< A 
<40, in which such theories barely apply, even for low 
angular momenta. ‘ 

In order to assist in the study of nuclear energy 
levels, we have undertaken a computation of the level 
distribution in a model nucleus. For this purpose, we 
have chosen A = 20 as a compromise between feasibility 
and a reasonable representation of light nuclei. The 
work, thus, goes farther than the previous study by 
Bardeen and Feenberg? in that it relates the kinetic and 
potential energies to an explicit nuclear model, with 
more recent estimates of the importance of the potential 
energy, and, therefore, leads to a more complete de- 
scription of the angular momenta and parities of the 
levels. The underlying assumption remains the same; 
namely, that the over-all density of levels in the true 
nucleus with A = 20 is essentially the same as that cal- 
culated in the model which considers the kinetic energy 
and the effect of symmetry on the potential energy to 
be the main systematic contributions to the energy of 
excitation. It is also assumed that spin-orbit splitting, 
correlations, coulomb energy, etc., remove the degene- 
racy left by considering only kinetic and symmetry ef- 
fects, except, of course, that a state of total angular mo- 


*In partial fulfillment of the requirements for the doctoral 
degree. 

1 Hornyak, Lauritsen, Morrison, and Fowler, Revs. Modern 
Phys. 22, 291 (1950); R. K. Adair, Revs. Modern Phys. 22, 249 
(1950). 

2 J. Bardeen and E. Feenberg, Phys. Rev. 54, 809 (1938). 


mentum (nuclear spin) 7 is (2j+1)-fold degenerate. No 
claim is made concerning the exact location of any 
individual level. 

A secondary purpose of this work is to enlarge upon 
a calculational scheme which may be adapted to 
machine computations for more complex nuclei, either 
for level densities or for ground-state calculations. The 
A= 20 results are also used to derive a rough empirical 
formula for level density which may be applicable to 
light nuclei. Qualitatively, the results of the work 
presented here are similar to those of reference 2. 


II. MODEL OF THE NUCLEUS A=20 


The calculations below are similar to those made on 
lighter nuclei by Feenberg and Phillips* and by Motz 
and Feenberg.* It is assumed that the nuclear wave 
function can be written as a sum of products of in- 
dividual particle wave functions. The individual nuclear 
waves are taken to be the stationary states of definite 
n, 1, and m for a particle moving freely in a spherical 
potential of finite depth® inside the radius R: 


Vn, t m(L)=C(4/ 2a) iyy(Rar) Pim (Oe, 
=¢'(4/2Rar) Hiss (kar) Pr™(Oeim?, r>R 
Hiz4 (&aR)SJi44 (RnR) —Sisg (RnR) Miy4 (enR)’=0, (2) 


r<R (1) 


and Ji4;(kar;)=0 for n—I values of |r;|<R. If the 
potential energy of the well is zero for r>R and 


v= —WWk?/2u, rSR, (3) 


then x,2=k?—k,?, with uw as the reduced mass of the 
nucleon. 

The determination of the solution for k, and x, of 
Eqs. (2) and (3) was effected by graphical methods and 
by using recursion relations to determine the functions. 
Thus Eq. (2) is readily proved to be equivalent to 


: E(RR)+ ni(xR) =0, (4) 
with 


£1(x) = xJr4(x)/Jis4(), 


£o(x) =x cotx, 


my) = tyHi4 (ty)/Hi4 (iy), 


no(y)=y; 
E(x) =2°/(20—-1—E:-),  m(y)=y*/(2—14+m-1). 
+E. Feenberg and M. Phillips, Phys. Rev. 51, 597 (1937). 


‘L. Motz and E. Feenberg, Phys. Rev. 54, 1055 (1938). 
5H. Margenau, Phys. Rev. 46, 613 (1934). 
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The value of the nuclear radius assumed here is that 
deduced for the ground states by Wigner’s analysis,® 


R= 1.45A!X10-* cm 


= 3.07 10-" cm for A= 20. (5) 


In this model the depth of the potential is assumed to 
be the same for neutrons and protons. Since the value 
chosen for the depth is an arbitrary matter, we have 
chosen such a depth that 16.8 Mev is required to 
remove a neutron, leaving the residual nucleus in its 
lowest state. A description in terms of individual 
nucleons probably is better served by such a choice than 
by matching the total binding energy. The effective 
depth for protons may be a little lower, but the exact 
choice of Vo is a minor detail which need not be con- 
sidered too closely. 

Wigner’s analysis® is also used to obtain the mag- 
nitude of the effect of symmetry on the potential 
energy. A state belonging to the supermultiplet (STY) 
has a positive potential energy V,, (in addition to a 
constant negative potential) : 


Vn =4L[S(S+4)+7(T+2)+ ¥?], 


L=40/A Mev, S>T>Y. (0) 


It is in this description of the potential energy that the 
method of this paper and that of reference 2 departs 
from the earlier statistical analyses of Bethe’ and of 
van Lier and Uhlenbeck.’ In those papers the number of 
states was computed for a given number of neutrons 
and protons without counting the multiplicity of states 
that can be obtained by exchanging charge between 
neutrons and protons. Hence, they approximate the 
effect of symmetry by implying infinite Heisenberg 
forces. 


Ill. CALCULATION OF SYMMETRY CHARACTERS 


The kinetic energy of a given configuration is deter- 
mined by the number of particles in each of the indi- 
vidual orbits; 1s, 2p, 3d, 2s, 4f, etc. The next step is to 
determine the number of states of given orbital angular 
momentum that can be obtained for a given con- 
figuration. This is done without reference to whether a 
nucleon is a neutron or proton, or to its spin orientation. 
A given configuration has a certain maximum value M 
for the sum over individual quantum numbers m, which 
is obtained by putting as many nucleons into the 
highest m orbits as possible but no more than four to 
an orbit. The number of ways of selecting individual 
orbits in order to obtain sums over m; lower than M 
is then determined by inspection. In principle these 
sums run from M, M—1, --- to —M but the deter- 
mination is stopped at 2m;=0 because of the symmetry 
in positive and negative values of 2m;. When 2m;< M, 
there are, in general, a number of possible arrangements 


° E. Wigner, University of Pennsylvania Bicentennial Conference 
University of Pennsylvania Press, Philadelphia, 1941). 

7H. A. Bethe, Phys. Rev. 50, 332 (1936). 

*C. van Lier and G. E. Uhlenbeck, Physica 4, 531 (1937). 
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of nucleons each of which is characterized by a number, 
v, of orbits filled by four nucleons, v3 by three nucleons, 
ve by two, and »; by one. It is convenient to denote 
each such arrangement by the symbol {4v3v2”}. 
However, a given set of values v4, v3, v2, v; May occur 
more than once for a given Dm, if there are alternate 
ways of distributing the nucleons among distinct orbits 
of distinct n, 1, m quantum numbers. 

After one deteri:ines the number of ways a value of 
Dm, can be achieved in terms of the {v4vgv2v,} dis- 
tributions, the next point of interest is the number of 
ways in which a particular {»4v3v2v,} can be achieved 
with a given number of neutrons and protons and a 
given net spin. Each distinct arrangement of charge 
and spin represents, of course, a distinct wave function, 
and functions of definite symmetry type are linear super- 
positions of them. It is to be noted first that v4 orbits, 
which are occupied by four nucleons, have no freedom 
as to composition. Furthermore, substitution into any 
of the vs orbits, occupied by three nucleons, is restricted 
by the Pauli principle so that the freedom of choice is 
the same as in a singly occupied orbit so far as spin and 
charge are concerned. The third zeta-component, 
Y;=432s,7; in Wigner’s notation,’ differs in sign for 
threefold and singly occupied orbits, but the necessity 
for taking this into consideration is so rare among the 
lower supermultiplets that it is convenient to ignore it 
except in the special cases in which it is decisive. This 
means that we are interested primarily in distributing 
N neutrons and P protons among which occur a 
upward spins and 8 downward spins in »:+ 3 singly 
occupied spaces and v2 doubly occupied spaces. The 
numbers V and P are not true neutron and proton 
numbers, nor are a and 6 true spin numbers, but rather 
“excess” numbers related to the v’s and to spin com- 
ponent S, and isotopic spin component 7; by 


N+P=at B= 14+ 03+ 22, 
T;=}(N—P), S.=}(a—8). 


Let p be the number of orbits (n, 1, m) occupied by 
two protons and m the number occupied by two neu- 
trons; then »,.—n—p is the number occupied by one 
neutron and one proton. By combinatorial analysis, one 
readily computes the number of arrangements in a 
given {v4v3v2v;} and given m and p. The total number 
of wave functions occurring with particular values of 
S, and 7; is a sum over all n and p. 


(7) 


Vo Vo—n 
fs.7¢(v2, n+Avs)=L z( )( ) 
n pX\n v2—-n— p 


vit V3 N+P—2n—2p 
Oe 
P—vo.—p+n a—n—p 


x 
where ( )=2V/yt-y) 
y 


*E. Wigner, Phys. Rev. 51, 106 (1937). 





DENSITY 


TaBLe I. Reduction of space arrangements. 








{ vevavann } Law(STY be 


(000) 

(110)+ (000) 

(200)+ (110)+ (000) 

(211)+ (200)+2(110)+ (000) 

(21-1)+ (200)+2(110)+ (000) 

(222) +-3(211)+2(200)+3(110)+ (000) 

(220)+ (211)+ (21-1)+ (200)+4(110)+2(000) 
(310)+ (220)+-2(211)+-2(21-1) +3(200) +5(110) 


{2000} 
{1101} 
{1020} 


{0202} 
{0121} 


+2(000) 

(321) +2(310)+ (222)+3(220)+3(21-1) +6(211) 
+5(200)+9(110) +3(000) 

(332) +4(321) +5(310) +5(222) +6(220) + 15(211) 
+5(21—1) + 10(200) + 15(110) +4(000) 


{0113} 


{0105} 





The numbers fs,7; form a matrix in the S-T space 
with elements corresponding (in our case of 20 particles) 
to positive and negative integral values of S, and T;. 
They are the sums of the numbers of arrangements of 
the nucleons and indicate nothing concerning the sym- 
metry of the wave function. Since the potential energy 
of the nucleus is assumed to depend strongly on the 
symmetry character, the next step is to determine the 
composition of a given arrangement {74v3v2¥,} as a sum 
of arrangements having definite symmetry. The most 
convenient manner of designating states of definite 
symmetry is the (STY) formalism of Wigner. The sub- 
states for a given (STY) are readily computed, as 
shown in reference 9, by expanding those for the four- 
valued spin in terms of the substates of the three-valued 
spin and expanding the latter in terms of the ordinary 
two-valued spin. All substates of supermultiplets used 
in this work were determined by this method. Summing 
over the Y;, one gets the projection of a given (STY) 
on the S-T plane 

(S:T w= LYST eV 5) wv, (9) 
where the subscript w refers to a given supermultiplet, 
(STY)=w. The problem is, then, one of reducing the 
matrix with elements given by Eq. (8) to 


f3:Tr= Cw @v(S:Tp)w, (10) 


thereby reducing all arrangements {»4v3v2v,} to sums 
over supermultiplets w with multiplicity ¢,,. The results 
for the arrangements used in this work are given in 
Table I. In most instances the expansion of fs,7;, Eq. 
(10), is unique. There are exceptions, however, since 
the projection on the S-T plane of (211) and (21-1) 
are identical, and also the projections of (222) and (220) 
are linearly related through lower supermultiplets, viz.!° 


Projection{ (222)+(211)+ (200) } 


= Projection[ (220)+ (110)+ (000) ]. (11) 


Actually, the ambiguity in (211) and (21-1) is unim- 
portant so far as the energy is concerned, Eq. (6). The 

10 The next such relation is Projection[(330)+(211)+(200)] 
= Projection[(332)+(310)+ (000) J. 


OF STATES 


IN LIGHT NUCLEI 245 
method used for resolving the ambiguities was to 
examine in detail the distributions of charge and spin 
corresponding to a {v4v3v27,}. Suppose we have an 
f-matrix containing (STY) projections for which S>3 
so that we need to determine how many (222) and how 
many (220) supermultiplets are contained in it. We con- 
sider the total of all distributions with {»4v3v2v,} that 
can be achieved with V— P=4and a— 8=4(S,=7T;=2) 
and calculate Y; for each. There will be so many states, 
q2, for Y;=2. Of these a certain number, 72, will be 
substates of supermultiplets with S>2, which we have 
determined by Wigner’s method cited earlier. Hence, 
the number of (222) supermultiplets must be g.—r2. As 
mentioned previously, the number of examples requiring 
such explicit consideration is so small as to make the 
method of expanding in terms of projections on the 
S-T plane convenient. 


IV. CLASSIFICATION OF STATES 


The lowest state of 20 nucleons is assumed to be a 
(1s)*(2p)"(3d)*=s‘*p"d* configuration. All other con- 
figurations obtained by promoting nucleons into orbits 
of higher kinetic energy and having a total increase of 
kinetic energy less than 25 Mev were determined. The 
number of ways of constructing states of given L, and 
the supermultiplet composition of each was determined 
by the method described above. If the sum of the 
(STY); for a certain L, be denoted by n(Z,), the 
number of states of definite Z is n(L), 


n(L)=(L,)—9(L,+1). 


States of L=0, 1, 2--- are designated S, P, D---, 
respectively, in the customary way. The potential 
energy of each supermultiplet was calculated from 


TABLE II. Classification of states of excitation less than 25 Mev. 


Ki- Poten 

netic tial Total Super- 
Config- energy energy energy multi- 
uration (Mev) (Mev) (Mev) plet 


(000) 
(000) 
(110) 
(000) 
(200) 
(000) 
(110) 


L states 
SPCHIL 
SDFGI 
PRPPCH IK 
SDG 


s*pd* ( 0 0 
stp'ds 54 0 5.4 
stp‘ ‘ 8.0 
stpd's? 10.8 
stpd' 12.0 
stpiid’ 12.8 
s*p*d3s 13.4 
st pigs 14.5 
sipqt 16.0 
s*pitdss 16.2 
stpd3s 17.4 
stplidts . 18.2 
s'p'@s? 10.8 18.8 
sp@sf 19.9 19.9 
spd 12.8 20.8 
stpds 5.4 21.4 
stp2st 21.6 21.6 
spt@f 14.5 22.5 
s'p@ds? 10.8 22.8 
Spd 23.1 23.1 
s*piids? 23.6 23.6 
spd =O 24.0 (222) 
stpds? 16.2 24.2 (110) D 

spd 12.8 24.8 (200) SP®D8F4G4AHY/*K* 2M 


SDFG I 
SP8D*F'Guy]sK*LtMeNn 
SPPPCGHI 

(000) SP*DP’G*H*K*LM 

(211) P*DFGH 

(000) D 

(200) PD®FGH 

(000) S*P'D®*F'GYH*1*K*12M 

(110) SPDFG 

(000) P°B*PGH]K 

(110) S7P'8 P27 F%Gs 77719 K 217 MIN 
(211) P*PPGH 

(000) S 
(110) 


S 
SPD FGM HTT KtLM 
(200) SDG 


SP! DFGIPP KLM 
SPDF'OHPK 
D 


(000) 
(000) 














God. 


Taste III. Double multiplet composition. 








(2T +1)(2S +1) 





33 


33 35 ‘ 
(33)? 35 53. 55 


5 
(53)? 55 
(53)? (55)? 
57 


(33)? (35)? 37 
(33)? (35)? 37 


33.35 20. SF 








Eq. (6) and added to the kinetic energy of excitation. 
Restriction of the total excitation to 25 Mev eliminates 
most of the states that have any appreciable kinetic 
energy because of the high potential energy of states of 
low symmetry. The results on symmetry character and 
L values are given in Table II. 

The remaining step in the calculation is the com- 
bination of the possible spins in each (STY) with the 
orbital angular momenta in order to form states of 
definite total angular momentum, j. For this purpose 
it is convenient to use the “double multiplet” expan- 
sion" of the (STY); i.e., express the projections, Eq. 
(9), as sums of products of the isotopic and ordinary 
spin multiplets (7, T—1, ---, —T)X(S, S—1, ---, —S) 
and designate them by the double number (27+1) 
x (2S+1). The components of (STY) of interest are 
shown in Table III. In applying the results in Table III 
to Ne*®*, all spin values are to be used and added vec- 
torially to the L’s with which each occurs in Table II 


TaBLe IV. Number of states of particular J value at a given 
excitation. 








Total 
energy 
(Mev) 


Configu 
ration 


J=0 J=1 


| 
| 


NNN NOW OWNS Re Oe te 


stp'2ds 0 

stpl2g3s 5.4 
siplds 8.0 
sipitgss 10.8 
s*p'2d* 12.0 
stpilgs 12.8 
stpl2d8s 13.4 
sipdsf 14.5 
s'pitgé 16.0 
stp®ds' 16.2 
stp*dis 17.4 
sipidss 18.2 
stp? d?s? 18.8 
S*p@dsf 19.9 
sipiids 20.8 
stpldss 21.4 
stp'2st 21.6 
siplagsf 22.5 
spd? 22.8 
sspds 23.1 
s'piidss? 23.6 
stpqs 24.0 
sip'*dst 24.2 
stpud® 24.8 33 
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(the exponents in Table II mean the number of distinct 
states of given L), since all isotopic multiplets contain 
T;=0. In F” (and Na”), however, 7;=1 and the isotopic 
singlets cannot contribute. In O” (and Mg”), only the 
isotopic quintets and higher contribute. The resulting 
numbers of levels at each excitation in Ne* are shown 
in Table IV for j values 0 to 6. In Fig. 1 we plot the 
total number of levels with j7=0 and excitation equal 
to or less than U. For comparison, the experimental 
value for Ne” is shown as a point (25 levels) at 15 Mev 
and the prediction of Bethe’s statistical theory’ 


t 
Iv) f pp(x)dx, 
1 


pa(U)=0.6S—4e5, S=(AU/2.30)!. 


The agreement between theory and the experimental 
point in Fig. 1 is partly accidental, inasmuch as it 
cannot be claimed either that all levels in Ne*® below 
15 Mev have been found experimentally, or that all 


AU IN MEV 


BETHE'’S STATISTICAL 
THEORY 


TOTAL NO OF STATES 


oe SS 


“2 
ENERGY IN MEV 


Fic. 1. Total number of states in Ne®® for 7=0 and both parities. 
The point ( m) indicates the total number of levels observed to 
date. 


the levels which have been found have j=0. The two 
deviations, however, tend to cancel rather than add. 
The agreement between our results and Bethe’s cal- 
culation for 7=0 is also astonishingly good, indicating 
that disregarding the charge exchange is a reasonable 
device for allowing for symmetry effects in level 
density. 

On the other hand, the statistical theory predicts a 
factor (2j+1) in the level density of higher 7, and, as 
found in the previous work of Feenberg et al., the actual 
ratio of the number for 7=0 is much less for high 7 and 
low excitation. One is usually interested in the total 
number of levels up to a certain value of 7. Hence, we 
present in Table V the ratio of the total number of 
levels of 7 less than or equal to jmax to the total number 
of j7=0 for several energies of excitation. 

In using the information in Table V for the inter- 
pretation of nuclear reactions one must bear in mind the 
influence of potential barriers in favoring certain 
angular momenta and parity. 





DENSITY OF STATES 


TaBLe V. Ratio of total number at levels with 7 < jmax to 
number with j=0. 
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V. APPLICATION TO NUCLEI IN GENERAL 


The computations for Ne*® have been made in the 
hope that they might serve as a model for the inter- 
pretation of other nuclei. The same detail can be pre- 
sented, of course, on the basis of the work above, for 
F* and O”. We present, however, only a comparison 
between total numbers of levels with 7=0 and both 
parities at various excitations in Table VI. It will be 
noted that F” has a higher level density than Ne” or 
O”. This effect was shown first by Bardeen and Feen- 
berg.” It might be thought, off hand, that the omission of 
the isotopic singlet states in the enumeration for F™, 
and both singlets and triplets for O”, would reduce the 
number of levels below that of Ne”. Actually, this 
effect is counterbalanced by the faet that the lowest 
states in F® and O” have lower symmetry than does 
that of Ne”. Hence, a given excitation falls in a region 
accessible to higher supermultiplets and greater multi- 
plicity. 

We shall generalize the application to nuclei for 
which the ground state is not a (000) state in the fol- 
lowing way. If the ground state is (SpT»Yo), the over-all 
level density is related to that for a (000) nucleus by 
adding the Majorana potential to the excitation in the 
latter and finding po(U’) instead of po(U), where 


U’=U+(20/A)[So(So+4)+To(Tot2)+¥eo?]. (13) 


On the other hand, the true level density is less than 
po(U’), because the lower double multiplets no longer 
contribute. Let us approximate the relative number of 


double multiplets by the factor 
exp{ —A(So?+ T)?)/AU’}, (14) 


where A is an unknown, constant energy. The expected 
order of magnitude of X is several hundred Mev, since 
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TaBLe VI. Comparison of j=0 level numbers for isobars. 
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with A=20 the double multiplets are significantly 
reduced in number if U’<30. 
As for an empirical form for Jo(U), we have assumed 
the following 
Inf Jo(U) ]=a+b InU+cU! 


and have determined the best fit to the step-curve in 


Fig. 1, by the method of least squares. The resulting 


values are 
a=—2.06, b=—1.31, 


(15) 


c= 2.21. 


In order to generalize Eq. (15) to nuclei of other values 
of A and (000) ground states we note that Bethe’s 
result for Jz for the case j=0 [Eq. (12)] is A~ times 
a function of the product AU. We assume /,(U) to 
have the same functional dependence and obtain 


In{Jo(U) ]=4.87 —1.31 Ind U+0.49(A U)'—InA. 


Generalizing to other values of A and other than (000) 
ground states, we substitute U’ from Eq. (13) for U 
and add the term given in Eq. (14). We determine A 
to give a reasonable fit to the calculations for F® and 
O”. The result is 


In{J(U)]=4.87— 1.31 Ind U’+0.49(A U")! 
—InA —200(Se?-+T,2)/AU’. (17) 


We estimate the validity of Eq. (17) to be restricted to 
values of AU’<800. The total number of levels with 
j=0 and with a given parity is then }/(U), and the 
total number with higher 7 is to be estimated by use of 
Table V. Finally, the empirical formula for the density 
of levels of j=0 and given parity is 


OEE (So?+ To?) 
ou)=—| o2sscat Le deecae weer 1.31 |1). 


' (18) 


(16) 
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Energy Levels of B' from the B'°(d,p)B'"'* Reaction* 


D. M. Van Patter, W. W. BuECHNER, AND A. SPERDUTO 
Physics Department and Laboratory for Nuclear Science and Engineering, 
Massachusetts Institute of Technology, Cambridge, Massachusetts 
(Received December 20, 1950) 


The proton groups from enriched B" bombarded by 1.51-Mev deuterons have been investigated by 
means of a magnetic spectrograph of high resolution. Eleven proton groups were assigned to the reaction 
B'°(d,p)B", corresponding to the ground state and ten excited states of B". Five of these excited states 
have not been previously reported. At 6.8-Mev excitation of B", a doublet was observed with a level spacing 


of 50.0+2.0 kev. The range of excitation of B" covered in these experiments was from 0 to 10.2 Mev. 


I. INTRODUCTION 


HE first investigation of the proton groups from 

natural boron bombarded by deuterons was made 
by Cockcroft and Walton.! Using range measurements, 
they found three groups which they attributed to the 
B'° isotope on the basis of mass considerations. Their 
measurements at 0.55-Mev bombarding energy were 
repeated with improved accuracy by Cockcroft and 
Lewis? who measured Q-values of 9.14+0.10; 7.00 
+0.10; and 4.71+0.05 Mev,’ corresponding fo the 
ground state of B" and levels at 2.14 and 4.43 Mev. 

Pollard, Davidson, and Schultz‘ bombarded natural 
boron targets with 3.1-Mev deuterons and found four 
proton groups by range measurements. They reported 
Q-values of 9.22+0.2; 7.3040.3; 5.00+0.2; and 2.39 
+0.2 Mev, corresponding to the ground state of B" 
and excited states at 1.92, 4.22, and 6.83 Mev. 

While the present experiments were in progress, 
Bateson® reported the results of his investigation of the 
proton groups from enriched B’® targets bombarded by 
3.8-Mev deuterons. Using range measurements, he 
found seven groups which he assigned to the B!°(d,p) B" 
reaction, the Q-values being 9.18+0.05; 7.03+0.06; 
4.70+0.06; 4.15+0.06; 2.26+0.07; 1.36+0.07; and 
0.70+0.10 Mev. This work confirmed the earlier results 
and indicated new levels in B"™ at 5.03+0.06; 7.82 
+0.08; and 8.48+0.10 Mev. 

The assignment of the proton group with Q-value of 
9.2 Mev to the ground-state B!°(d,p)B" reaction was 
shown to be correct by Thirion® from his p-y coinci- 
dence measurements on the B!°(d,p) proton groups. 
The excitation curve for the ground-state protons has 
been measured by Phillips’ from 0.7- to 2.0-Mev bom- 
barding energy at observation angles of 0, 90, and 135 
degrees. Angular distributions of the ground-state 


* A report of these measurements was given at the 1950 meeting 
of the Physical Society in Washington, D. C. 

1 J. D. Cockcroft and T. S. Walton, Proc. Roy. Soc. (London) 
A144, 704 (1934). 

2 J. D. Cockcroft and W. B. Lewis, Proc. Roy. Soc. A154, 246 
(1936). 

* Corrected by M. S. Livingston and H. A. 
Modern Phys. 9, 245 (1937). 

* Pollard, Davidson, and Schultz, Phys. Rev. 57,1117 (1939). 

5 W. O. Bateson, Phys. Rev. 78, 337 (1950). 

6 J. Thirion, Comptes rend. 229, 1007 (1949). 

7G. C. Phillips, Phys. Rev. 79, 240 (1950). 
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protons have been reported by Redman at bombarding 
energies of 1.06, 1.50, 1.71, 2.36, 3.06, and 3.68 Mev. 

Additional information concerning the excited states 
of B" has been found from other reactions. Ortner and 
Protiwinsky® have reported transitions to the 2.25- and 
4.45-Mev levels of B"' from the N'“(n,a)B"* reaction. 
Fulbright and Bush" have investigated the inelastic 
scattering of 15.6-Mev protons from natural boron. 
They found proton groups corresponding to levels at 
2.2+0.3; 4.8+0.4; 6.5+0.3; and 7.8+0.4 Mev which 
could be associated with either B'’ or B". 

The gamma-radiation from natural boron bombarded 
by deuterons was first studied by Crane, Delsasso, 
Fowler, and Lauritsen" using a cloud chamber. Im- 
proved measurements were later made by Gaerttner, 
Fowler, and Lauritsen” who reported gamma-rays with 
energies of 1.5+0.2; 2.2+0.3; 4.4+0.3; 6.9%0.4; and 
9.1+0.4 Mev at 550- to 850-(peak) kev bombarding 
energy. Halpern and Crane," also using a cloud cham- 
ber, reported gamma-rays of 1.4, 2.4, 4.2, 6.0, and 8.6 
Mev at 700-kev bombarding energy. 

While the present experiments were in progress, 
Terrell'* reported his measurements using a pair spec- 
trometer on the gamma-rays from natural boron and 
enriched B'® bombarded by 1.56-Mev deuterons. He 
measured gamma-rays of 4.52+0.10; 6.74+0.13; and 
9.11+0.18 Mev, assigned to (B'°+d), and of 4.5+0.1 
Mev, assigned to (B'+d). The thick-target yields of 
these gamma-rays were approximately 7.2, 7.2, 3.7, and 
3.6X107 quanta per microcoulomb, estimated for 
targets of 100 percent separated isotopes. The asym- 
metrical shape of the peaks of the two lower (B'°+d) 
gamma-rays indicated the possible existence of weaker 
unresolved gamma-rays of slightly higher energy. The 
gamma-rays of 1.5 and 2.2 Mev, reported by earlier 
workers, would probably not have been detected by 
Terrell because of the low efficiency of the pair spec- 
trometer at these energies. 

8 W. C. Redman, Phys. Rev. 79, 6 (1950). 

®G. Ortner and G. Protiwinsky, Nature 142, 807 (1938). 

0H. W. Fulbright and R. R. Bush, Phys. Rev. 74, 1323 (1948). 

" Crane, Delsasso, Fowler, and Lauritsen, Phys. Rev. 46, 1109 
(1934). 

1 Gaerttner, Fowler, and Lauritsen, Phys. Rev. 55, 27 (1939). 

18 J. Halpern and H. R. Crane, Phys. Rev. 55, 415 (1939). 

4 J. Terrell, private communication. Also, Bull. Am. Phys. Soc., 
26, 12 (1951). 
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ENERGY 


The high ground-state Q-value of 9.2 Mev for the 
B'°(d,p)B" reaction permits the investigation of the 
excited states of B" over a large region of excitation. 
Previous investigations of this reaction have indicated 
the existence of many levels in this region of excitation. 
It was decided to investigate with a magnetic spec- 
trograph the protons group from B'® bombarded by 
1.51-Mev deuterons, since this would establish the 
position of the excited states of B"' over the region from 
0- to 10-Mev excitation and might indicate some pattern 
to the level structure. In addition, the high resolution 
of the magnetic spectrograph would make possible the 
detection of fine structure of any of the excited states 
that would not have been resolved by the earlier range 
measurements. 


II. APPARATUS AND EXPERIMENTAL PROCEDURE 


The apparatus and experimental procedures were 
essentially the same as those described in previous 
papers'®!® except for some improvements in stabiliza- 
tion and the calculation of Q-values. A beam of deu- 
terons was accelerated by an electrostatic generator and 
then deflected through 90° by means of a magnet. After 
passing through a narrow slit, the deuteron beam was 
directed at a target placed between the pole faces of a 
large .annular magnet. A fraction of the charged 
particles, emitted from the target in a plane normal to 
the incident beam, was deflected through 180° in the 
magnetic field of the annular magnet and recorded on 
nuclear-track plates. Each plate covered a range in 
particle momentum of 6 percent, so that, in order to 
survey a complete spectrum of charged-particle groups, 
a series of plates was necessary, each plate being exposed 
at a different field strength. 

The momentum of the charged-particle groups was 
determined from measurements of the magnetic field 
and their radii of curvature. The magnetic field meas- 
urements were calibrated from the measured radius of 
curvature of polonium alpha-particles. The value of Hr 
for polonium alpha-particles, used as an absolute 
standard, was 3.3159X 10° gauss cm!7-!8 (absolute emu), 
which is accurate to 0.02 percent. The incident deuteron 
energy was determined from the observation of deuteron 
groups elastically scattered from C™ and O'* nuclei in 
a thin Formvar target. 

Several small corrections'® were applied to the Q- 
values calculated for a 90° angle of observation. These 
corrections took into account: 

(1) A small measured departure of the median angle 
of observation from 90°; 

(2) The effect of the finite angle of acceptance 

6 Buechner, Strait, Stergiopoulos, and Sperduto, Phys. Rev. 
74, 1569 (1948). 

16 Buechner, Strait, Sperduto, and Malm, Phys. Rev. 76, 1543 
(1949). 

1G. H. Briggs, Proc. Roy. Soc. A157, 183 (1936). 

18 W. B. Lewis and B. V. Bowden, Proc. Roy. Soc. A145, 250 
(1934). 

% Strait, Van Patter, Buechner, and Sperduto, Phys. Rev. 81, 
747 (1951). 
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Fic. 1. Proton groups observed from targets of enriched B” and 
natural boron bombarded by 1.51-Mev deuterons. 


(+0.2° about the median angle) of the detector and the 
finite size of the deuteron beam striking the target; 

(3) The approximation in using the nonrelativistic Q- 
equation for calculation ; 

(4) The effect of increased mass of residual nucleus 
when in an excited state. 

The targets used for the B'(d,p) reaction were 
prepared by the evaporation from a carbon crucible of 
metallic boron onto 10-mil platinum sheets. Both 
natural boron and boron enriched to 96 percent B'° 
were used. (The enriched boron was obtained from the 
Stable Isotopes Division, AEC, Oak Ridge.) These 
targets had an effective thickness of about 10 kev for 
the B!°(d,p)B" ground-state reaction. 

The survey of the proton groups at 90° from these 
targets was made at 1.51-Mev bombarding energy. In 
order to observe proton groups with energies of less 
than 3 Mev, it was necessary to eliminate the deuterons 
elastically scattered from the platinum backing of the 
target. This was accomplished by covering the nuclear- 
track plates with an aluminum foil sufficiently thick to 
stop the deuterons but thin enough to allow the protons 
to be recorded. However, this method had some dis- 
advantages. Any variation in the effective thickness of 
the aluminum foils caused a large variation in the 
residual range of the proton tracks. This meant that 
the selection of tracks to be counted could not be so 
strict, and, therefore, tracks caused by alpha-contami- 
nation on the plates could not be eliminated so readily. 
In addition, any pinholes in the foils allow small 
numbers of deuterons to be recorded, and these also 
could not be completely eliminated from the counting 
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of the proton tracks. The result of these effects was an 
appreciable background between proton peaks. It was 
found to be impracticable to use this method for the 
detection of proton groups with energies of less than 
1.3 Mev. 

In order to investigate proton groups with energies 
less than 1.3 Mev, targets were prepared by the evapo- 
ration of natural boron and enriched B'® onto a thin 
film of Formvar. This type of target with a thin backing 
has the advantage that the full length of the proton 
tracks can be recorded and is particularly useful for the 
investigation of proton groups which occur at Hr values 
lower than any of the deuteron groups elastically 
scattered from the nuclei of the target and backing. 
Such a target was not used for the original survey, 
because it was considered doubtful that it would 


withstand beam bombardment. However, it was found 
that boron targets evaporated onto Formvar films did 
survive for long exposures to the beam. Proton groups 
in the energy range from 0.45 to 1.45 Mev were investi- 
gated with these targets. It was also possible to observe 
the deuteron groups elastically scattered from the B 
and B" nuclei in these targets. 

In this work, a number of alpha-particle groups was 
also observed. Studies of these groups are reported in 
separate publications. 

III. RESULTS 

With the incident deuteron energy held constant at 

1.51 Mev, a survey was made of the proton groups of 


energies 1.3 to 10.5 Mev emitted from targets of 
enriched B® and natural boron on platinum backings. 
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The proton groups with energies 1.3 to 3.0 Mev were 
observed by means of nuclear-track plates covered with 
thin aluminum foils. The results of this survey are 
shown in Figs. 1 and 2. The yields of the proton groups 
from the two boron targets have been normalized to the 
same beam bombardment and area counted on the 
nuclear-track plates. 

The enriched B'® and natural boron targets were 
prepared by similar evaporations, and it was expected 
that the two targets would be about equal in thickness. 
To verify this, the yield of the B'°(d,p)B" ground-state 
proton group was measured from each target and was 
found to be a factor of 4.5 greater from the enriched B'° 
target (96 percent B'°) than from the natural boron 
target (19 percent B'*). The ratio of the isotopic 
abundances of B' in the two targets was 5.0. Hence, 
the thicknesses of the two boron targets were found to 
be equal within 10 percent. The target thickness was 
estimated from the half-widths of the lower energy 
proton groups (20), (22), and (23) and was found to be 


Ul ' 1 
4S Ruut Sbault? chhsete 
approximately 10 kev for the B'°(d,p)B" ground-state 
reaction. 

The survey was extended to lower proton energies 
using an enriched B"° target evaporated onto a thin film 
of Formvar. This survey covered a range of proton 
energies from 1.45 to 0.45 Mev at a bombarding energy 
of 1.51 Mev, which corresponded to a region of excita- 
tion of B" from 8.9 to 10.0 Mev. The results are shown 
in the upper curve of Fig. 3. From the half-widths of 
the observed proton peaks, the target thickness was 
calculated to be 9 kev for the B'°(d,p)B" ground-state 
group. It can be seen that the background between 
peaks has been reduced considerably compared with the 
survey of Fig. 2. This improvement was made possible 
by the use of thin Formvar backing, which eliminated 
the necessity of using aluminum foils to observe the 
proton groups. The survey of Fig. 3 was not extended 
below a proton energy of 0.45 Mev, because at this 
energy the proton track length became so short that it 
was difficult to distinguish the proton tracks from the 
continuous background on the nuclear-track plates. 
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In order to investigate possible proton groups corre- 
sponding to higher excitations of B", the bombarding 
energy was raised to 1.800 Mev, and a survey was made 
for proton groups corresponding to a region of excitation 
of B" from 9.9 to 10.2 Mev. The results of this survey 
are shown in the insert of Fig. 3. 

At 1.51-Mev bombarding energy, a partial survey 
was made of proton groups with energies of 1.05 to 1.45 
Mev emitted from a natural boron target evaporated 
onto a thin film of Formvar. This survey was made to 
verify the assignment of proton groups (24) and (25) to 
the reaction B'°(d,p)B"*, and the results are shown in 
the lower curve of Fig. 3. The target thickness was 
calculated to be about 14 kev for the B'°(d,p)B" 
ground-state reaction. In order to compare the results 
from the natural boron target with those from the 
enriched B" target, a measurement was made of the 
yield of the B'°(d,p)B" ground-state proton group from 
both targets. The proton groups shown in the lower 
curve of Fig. 3 have been normalized in such a way as 
to make the ratio of the yields of the B'°(d,p)B" proton 
groups from the natural and enriched B" targets equal 
to the ratio of isotopic abundances of B' in the two 
targets. 

In the surveys shown in Figs. 1-3, a total of twenty- 
seven proton groups was distinguished. Of these groups, 
fourteen have been attributed to various target con- 
taminants; the remainder, to either the B'°(d,p) or 
B"(d,p) reactions. The evidence for the assignment of all 
of these groups is outlined in the following paragraphs. 

The fourteen proton groups that have been assigned 
to contaminants of C”®, C8, N™, O'*® and Si?* will be 
considered first. In Fig. 2, the intense group (10) 
corresponds to the C"(d,p)C® ground-state reaction. 
The Q-value of this group from the boron targets was 
calculated to be 2.712 Mev, in agreement with the most 
recent Q-value of 2.716+0.005 Mev for the C"(d,p)C¥ 
reaction.'® The yield of this group was a factor of about 
1.5 greater from the enriched B" target, indicating the 
presence of slightly more carbon contamination on this 
target. The high intensity of this group (a factor of 10 
greater than any other observed group) was possibly 
due to the fact that the boron targets were evaporated 
from a carbon crucible. However, it has been found 
that carbon occurs as a surface contamination on all 
targets and usually increases with beam bombardment. 

In Fig. 3, the proton groups (26) and (27), observed 
from the enriched B' target on Formvar, had measured 
Q-values of —0.366 and —0.969+0.010 Mev when 
assigned to the reaction C¥#(d,p)C*. Both of these 
groups are double, evidently arising from a layer of 
carbon on the surface of the target and from the carbon 
in the thin Formvar backings. The Q-value of group 
(26) agreed with the published value'* of —0.370+0.003 
Mev for the proton group corresponding to the 3.10- 
Mev level in C®. 

In the previous investigation of the C(d,p)C™* 
reaction made in this Laboratory,'* the proton group 
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(27) was not observed, because that survey did not 
extend to so high an excitation of C". If this group is 
assigned to the C"(d,p)C* reaction, it would corre- 
spond to an excited state of C at 3.686+0.011 Mev. 
This result is in excellent agreement with the value of 
3.677+0.005 Mev found by Malm and Buechner” from 
an investigation of the N'°(d,a)C'* reaction. However, 
this result does not agree with the value of 3.91 Mev 
report by Heydenburg et al.” from their investigation 
of the C#(d,p)C* reaction. This discrepancy appar- 
ently has been accounted for by recent results of 
Rotblat® who finds two levels in C" at 3.7 and 3.9 Mev 
from the C#(d,p)C"* reaction. 

In Fig. 1, proton group (4) has been assigned to the 
ground-state C'¥(d,p)C™ reaction. This group evidently 
originated from the 1.1 percent of C" occurring in the 
natural carbon contamination of the targets, and its 
yield was slightly higher from the enriched B"° target. 
The Q-value of this group was calculated to-be 5.940 
Mev, in agreement with the value” of 5.948+0.014 Mev 
measured from enriched C* targets. 

In Fig. 2, the two intense proton groups (13) and (18) 
occur from all targets and have been attributed to O'*. 
The Q-values of these groups from the boron targets 
agreed within 5 kev with the measured values of 
1.917+0.005 Mev'® and 1.049+0.007 Mev'® for the 
O'"(d,p) reaction. These groups had about equal in- 
tensities from both the boron targets, in agreement with 
the assignment to a target contaminant. 

In addition to the expected proton groups from 
contaminants of carbon and oxygen, the surveys shown 
in Figs. 1 to 3 indicated eight additional weak groups 
which were of about equal intensity from both the 
boron targets. Six of these groups, (2), (8), (9), (16), 
(17), and (21) were attributed to the N'(d,p) reaction, 
corresponding to the ground state and five excited 
states of N'®. The assignment of these groups was aided 
by the recent accurate measurements” of the N'(d,p) 
proton groups. The Q-values of all the six groups from 
the boron targets agreed within 8 kev with the results 
found by Malm and Buechner. The ratio of the yield 
of these groups from the enriched B’ and natural boron 
targets varied from 0.5 to 1.5, indicating approximately 
equal amounts of nitrogen contamination on both 
targets. In the lower curve of Fig. 1, the N'® doublet, 
peaks (8) and (9), is clearly resolved and corresponds 
to a level separation of 26+2 kev, in agreement with the 
value previously reported.** It has been found that 
N'4(d,p) and N'(d,a) groups are observed from all 
targets, and their possible presence must always be 
considered, particularly for investigations of reactions 
with low yields. 


2” R. Malm and W. W. Buechner, Phys. Rev. 81, 519 (1951). 

%1 Heydenburg, Inglis, Whitehead, and Hafner, Phys. Rev. 75 
1147 (1949). 

#R. G. Thomas, private communication. 

% Sperduto, Holland, Yan Patter, and Buechner, Phys. Rev. 
80, 769 (1950). 

RR. Malm and W. W. Buechner, Phys. Rev. 80, 771 (1950). 
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The remaining two weak proton groups (5) and (15) 
have been assigned to the Si?*(d,p)Si?* reaction. The 
presence of these groups was unexpected, and at first it 
was thought that they originated from a small amount 
of silicon (less than 2 percent) in the boron material. 
However, recent investigations of other reactions have 
indicated silicon contamination on all targets. It is now 
considered probable that the silicon contamination 
appears during the evaporation of the targets, evidently 
from the silicon oil used in the vacuum system of the 
evaporator. 

The proton groups (5) and (15), if assigned to the 
Si**(d,p)Si2* reaction, have measured Q-values of 
4.95+0.02 and 1.31+0.02 Mev. These values are in 
agreement with the recent values of 4.97+0.01 Mev 
and 1.31+0.01 Mev measured from SiO; targets.” 

In their investigations of the N'(d,p) reaction at 
1.420-Mev bombarding energy, Malm and Buechner™ 
also found Si*8(d,p) groups, the most intense of which 
were those corresponding to peaks (5) and (15). It is 
certain that other Si®*(d,p) groups were present in the 
surveys covered in the three figures; however, they 
were evidently not sufficiently intense to be detected. 

The proton group (15) was a factor of 1.7 more intense 
from the enriched B® target ; and, since it occurred in a 
region corresponding to the Q-value of 1.35+-0.07 Mev 
reported by Bateson® for the B'°(d,p)B"* reaction, it 
was considered necessary to eliminate the possibility 
that part of this peak might be a B!°(d,p)B"* group. 
In order to do this, the bombarding energy was lowered 
from 1.508 to 1.197 Mev, and the change in proton 
energy of group (15) was measured as 281.5+2.5 kev. 
The expected shift in energy of a Si?*(d,p) group would 
be 279.6+2.7 kev, while a B'°(d,p) group would shift 
232.8+2.3 kev. Since no proton group appeared at a 
position expected for a B!°(d,p) group at 1.197-Mev bom- 
barding energy, it was concluded that the assignment 
of group (15) to the Si?8(d,p)Si** reaction was correct. 

It might appear that the presence of as many as 
fourteen groups due to contaminants could jeopardize 
the investigation of the B'°(d,p) groups. However, the 
high resolution of the magnetic spectrograph enabled 
the proton groups to be well separated and permitted 
accurate comparison of the Q-values of these groups to 
known Q-values. In addition, the ratio of the yield of 
these groups from the enriched B'° and natural boron 
targets was never greater than a factor of 1.7, while all 
the groups assigned to the B!°(d,p) reaction were 3 to 
6 times more intense from the natural boron target. 

The remaining thirteen proton groups found in the 
surveys were attributed either to the B'(d,p) or the 
B"(d,p) reactions. Of these, groups (19) and (23) were 
much more intense from the natural boron target and 
were assigned to the isotope B", as has been previously 
reported.”* The remaining eleven proton groups (1), (3), 

* Endt, Van Patter and Buechner, Phys. Rev. 81, 317 (1951). 


26 Buechner, Van Patter, Strait, and Sperduto, Phys. Rev. 79, 
262 (1950). 
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(6), (7), (11), (12), (14), (20), (22), (24), and (25) were 
approximately a factor of 5 more intense from the 
enriched B® target (96 percent B') than from the 
natural boron target (19 percent B’°) and were attrib- 
uted to the B" isotope. 

In Fig. 1, the intense proton group (1) had a measured 
Q-value of 9.235-0.011 Mev, in agreement with the 
value of 9.24 Mev predicted from masses®’ for the 
B'°(d,p)B" ground-state reaction and with previous 
measured values***® of 9.14+0.10; 9.22+0.2; and 
9.18+-0.05 Mev. An additional confirmation of this 
assignment was obtained from the measurement of the 
shift in energy of this proton group when the bom- 
barding energy was changed from 1.380 to 1.506 Mev. 
The observed energy change was 91+2 kev, compared 
to the value of 95+-5 kev expected for a B'°(d,p) proton 
group. 

The positions of groups (3) and (6) agreed with 
B'°(d,p)B"'* proton groups already reported by previous 
workers. Both of these groups were a factor of 4 to 5 
more intense from the enriched B"° target. These groups 
corresponded to excited states at 2.138+0.014 and 
4.459+0.014 Mev, in agreement with the values of 
2.15+0.06 and 4.48+0.06 Mev reported by Bateson.*® 

The next proton group (7) shown in Fig. 1 was 5 
times more intense from the enriched B"° target and 
had a measured Q-value of 4.201+0.008 Mev, corre- 
sponding to an excited state of B" at 5.034+0.014 Mev. 
This measurement confirms the result of Bateson,’ who 
found a previously unreported proton group corre- 
sponding to a level in B"™ at 5.03+0.06 Mev. 

In Fig. 2, two proton peaks (11) and (12) were 
assigned to the B'°(d,p)B"* reaction and correspond to 
a doublet in B" with a level spacing of 50.0+0.6 kev. 
Both of these groups were 3 to 4 times more intense 
from the enriched B"® target; however, this ratio was 
subject to uncertainty in the case of peak (12), because 
of its weak intensity compared to the background in 
this region. The more intense group (11) corresponds 
to an excited state in B" at 6.758+0.013 Mev, which 
has already been reported* * at 6.83+0.2 and 6.92+0.08 
Mev. The proton group (12) was a factor of 10 less 
intense than group (11) at 1.51-Mev bombarding 
energy and has not been previously reported. This 
doublet would not have been resolved by the range 
measurements used by earlier investigators. Because of 
theoretical interest in such doublets,”* it was important 
to be certain of the identification of proton group (12). 
Further investigations were made of this group which 
resulted in the unambiguous assignment of group (12) 
to the reaction B!(d,p)B"*. These results will be 
described in detail in a succeeding section. 

The next proton group, (14), assigned to the 
B'°(d,p)B"* reaction, was a factor of 5 more intense 
from the enriched B’° target. This group has a Q-value 


7 W. F. Hornyak and T. Lauritsen, Revs. Modern Phys. 20, 
191 (1948). 
% D.R. Inglis, Phys. Rev. 78, 616 (1950). 
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TABLE I. Energy levels in B™. 








Ratio 
of Approx> 
Reaction yields* de 


Q-value 
(Mev) 


9.235+0.011 0 
7,097+0.009 2.138+0.014 
4.776+0.008 4.459+0.014 
4.201+0.008 5,034+0.014 
2.477+0.007 6.758+0.013 
2.427+0.007 6.808+0.013 
1.937+0.006 7.298+0.012 
0.667+0.005 8.568+-0.012 
0.309+0.005 8.926+0.012 
0.045+0.005 9.190+0.012 
—0.041+0.005 9.276+0.012 
0 
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Level in BU 
(Mev) 
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* Ratio of yields from enriched B* and natural boron targets. 
» Approximate differential cross section at 90° in millibarns per atom 
per steradian. 


of 1.937+0.006 Mev, corresponding to an excited state 
at 7.298+0.012 Mev. Bateson® has reported a B!°(d,p) 
group with a Q-value of 1.36-0.07, which is consider- 
ably lower than our value. However, Bateson was not 
able to resolve his B'%(d,p) proton group from the 
O'*(d,p)O'"* proton group with a Q-value of 1.049. In 
view of the otherwise excellene correspondence between 
the present results and those of Bateson, it appears 
possible that group (14) was not observed in his experi- 
ments. At the 3.8-Mev bombarding energy used in his 
work, the energy of the proton group from O'*(d,p)O'"* 
(Q=1.049 Mev) would be such as to give a Q-value of 
1.42 Mev if mistakenly assigned to B!°(d,p)B". It 
appears possible that the presence of such a O'*(d,p)O!™* 
group in Bateson’s range measurements could account 
for the above discrepancy in Q-values. 

In Fig. 2, the weak proton group (20) was assigned 
to the reaction B'°(d,p)B"*. The yield of this group 
was about 6 times greater from the enriched B" target ; 
however, this ratio was not very accurate because of its 
very low intensity from the natural boron target. The 
Q-value of this group was measured as 0.667++0.005 
Mev, in good agreement with a B!%(d,p) Q-value of 
0.70+0.10 Mev first reported by Bateson. Additional 
evidence for the assignment of this group was obtained 
from a measurement of the change of proton energy 
when the bombarding energy was changed from 1.507 
to 1.800 Mev. The observed shift in proton energy was 
218.1+1.2 kev. The expected shift is 219.1+2.1 kev 
for a B'°(d,p) group, whereas the expected shifts for 
Be*(d,p) and B"(d,p) groups are 212+2 and 22542 
kev, respectively. This result shows that this proton 
group can be assigned only to a target of mass 10. 

In Figs. 2 and 3, there is indicated an intense proton 
group (22) assigned to B!%(d,p)B"*. This group was 
found to be 3 to 6 times more intense from enriched B!® 
targets as compared with natural boron targets. The Q- 
value of this group was calculated to be 0.309+-0.005 
Mev, corresponding to an excited state of B™ at 8.926 
+0.012 Mev. Prior to these experiments, this B'°(d,p) 
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group had not been reported. However, since the first 
report? of these results, Bateson*® has found a B!°(d,p) 
group with a Q-value of 0.32-0.10 Mev, in excellent 
agreement with the present work. 

The remaining two intense proton groups (24) and 
(25), shown in Fig. 3, were a factor of 4 to 5 more 
intense from the enriched B’® target on Formvar. In 
addition, these proton groups were single, as compared 
with the two C"(d,p) groups (26) and (27) which were 
double, indicating that proton groups (24) and (25) 
originated from the target material. In view of this 
evidence, these groups were assigned to the B!°(d,p) 
reaction, with Q-values of 0.045+0.005 and —0.041 
+0.005 Mev, corresponding to excited states in B™ at 
9.190-+0.012 and 9.276+-0.012 Mev. These two B'°(d,p) 
groups have not been reported previously and would 
not have been observed by Bateson, as they would have 
been obscured by elastically scattered deuterons. 

The results of the surveys indicated the presence of 
eleven B!°(d,p) groups, corresponding to the ground 
state of B", and ten excited states, five of which have 
not been previously reported. These results are summar- 
ized in Table I. The position of the levels found agreed 
with earlier results, while the proton groups corre- 
sponding to the new B" levels would not have been 
observed by earlier workers (except for the group with 
a Q-value of 0.309 Mev which has been confirmed by 
Bateson). In the region of excitation of B" from 0 to 
6.31 Mev, no additional groups were found with an 
intensity greater than 0.1 the intensity of the ground- 
state group. Only 3 percent of the total region was 
obscured for groups of this intensity by the intense 
C¥(d,p) and O'*(d,p) contaminant groups, since none 
of the groups had a half-width greater than 30 kev. It 
is considered improbable that any B!°(d,p) groups that 
had an intensity greater than 0.05 the intensity of the 
ground-state group were missed in the surveys. 

As was previously mentioned, the doublet of proton 
groups (11) and (12) was investigated further in order 
to make certain of the assignment of the weak group 
(12) to the B!%(d,p)B"* reaction. The doublet was 
observed at bombarding energies of 1.510, 1.649, and 
1.811 Mev, and the results are shown in Fig. 4. From 
these curves, it was first possible to check the assign- 
ment of the intense member of the doublet (11) from 
the observed change in proton energy of 225.12 kev 
for a change in bombarding energy of 301+3 kev. The 
expected change in proton energy for a B!°(d,p) group 
would be 225.5+2.1 kev, indicating that the assignment 
of group (11) to the B!°(d,p)B"* reaction was correct. 

Once the assignment of group (11) to the B'°(d,p)B"* 
reaction was established, measurement of the spacing 
between groups (11) and (12) at the three bombarding 
energies provided a sensitive method of establishing the 


(osm W. Buechner and D. M. Van Patter, Phys. Rev. 79, 240 
» W. O. Bateson, private communication. Also, Phys. Rev. 80 
982 (1950). 
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Fic. 4. B(d,p)B"* doublet observed at bombarding energies“of 
1.51, 1.65, and 1.81 Mev. 


target mass responsible for the less intense group (12). 
The difference in proton energy of groups (11) and (12) 
was measured as 45.8+2.0; 46.342.0; and 45.5+2.0 
kev at bombarding energies of 1.509, 1.649, and 1.811 
Mev. These results indicated that the spacing remained 
constant within 0.5+2.0 kev. If the target mass 
responsible for group (12) had been one unit different 
than that responsible for group (11), then the spacing 
between groups would have changed by 6 to 7 kev when 
the bombarding energy was changed from 1.509 to 1.811 
Mev. It is concluded that both groups (11) and (12) 
could be assigned unambiguously to the B!°(d,p)B"* 
reaction. In the curves of Fig. 4, there is some evidence 
for proton groups with intensities less than 0.01 the 
intensity of group (11); however, none of these groups 
remained at a constant spacing from the doublet 
members at the different energies. Hence, there was no 
evidence for additional structure to the doublet with 
an intensity greater than 0.09 the intensity of the 
weaker member (12). At the three bombarding energies, 
group (11) was a factor of 10, 10, and 8 more intense 


than group (12). The separation of these two proton 
groups corresponds to a level separation in B" of 
50.0+2.0 kev. 

The three B'°(d,p) proton groups (22), (24), and (25) 
correspond to excited states in B"™ at 8.93, 9.19, and 
9.28 Mev, all of which are above the threshold at 8.64 
Mev for alpha-emission to Li’. The half-widths of these 
proton groups in the surveys shown in Figs. 2 and 3 
were about 15 kev, which were attributed chiefly to the 
effects of target thickness. This assumption was shown 
to be correct when proton groups (22) and (23) were 
measured from a much thinner target of natural boron 
on Formvar, as shown in the upper curve of Fig. 5. In 
addition, the deuteron groups scattered elastically from 
the B®, B", and C” nuclei in the target backing 
were observed, as shown in the lower curve of Fig. 5. 
From this curve, the target thickness was estimated to 
be 2.8 kev for the B'°(d,d)B" process, and 2.0 kev for 
the B'!°(d,p)B"* proton group (22). The observed half- 
width of the B'(d,p) group (22) was 5.9 kev. After 
subtraction of the spreads due to target thickness and 
instrumental factors, an upper limit of 3.7 kev was found 
for the natural width of proton group (22). This result 
indicates an upper limit of 4 kev for the 8.93-Mev 
excited state of B". 

From the surveys shown in Figs. 1, 2, and 3, it was 
possible to estimate the relative intensities of the 
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various B!°(d,p) proton groups at 1.51-Mev bombarding 
energy. In addition, the B'°(d,d)B'® and B!(p,p)B"® 
groups elastically scattered from the enriched B" target 
on Formvar were observed. At 1.51-Mev bombarding 
energy, the following relative intensities were observed : 


B!°(d,p) B": B'°(d,d) B®: B'°(p, p) BY°= 1.0: 17:27. 


For various reasons, we consider these relative intensi- 
ties to be accurate to only approximately 50 percent. 

If Rutherford scattering is assumed for 1.510-Mev 
protons scattered from B" at a laboratory angle of 90°, 
it is possible to estimate the differential cross section 
for the B'°(p,p)B" process as 57 millibarns per atom 
per steradian. Using this assumption, estimates were 
made of the differential cross sections for the B!°(d,p) 
proton groups, as indicated in Table I. The accuracy 
of the differential cross sections calculated by this 
method cannot be stated since the validity of assuming 
Rutherford scattering is not known. 


IV. CONCLUSIONS 


The results of this investigation indicate that eleven 
B'°(d,p) proton groups have been observed at 1.51-Mev 
bombarding energy, corresponding to the ground state 
and ten excited states of B". Five of these excited states 
at 6.81, 7.30, 8.93, 9.19, and 9.28 Mev have not been 


BUECHNER, 


AND SPERDUTO 


reported previously. Two :proton groups were found 
with an intensity ratio of about 10:1, corresponding to 
a doublet in B" at 6.8-Mev excitation with a level 
separation of 50.0+2.0 kev. A level diagram of B", 
incorporating these results, is shown in Fig. 6. 

The Q-values found for the B'°(d,p) groups are 
summarized in Table I. The results of this investigation 
are in good agreement with previous results, particu- 
larly with recent work of Bateson.® In the comparison 
of our results with those of Bateson, the only Q-value 
in serious disagreement is that of 1.9370.006 Mev, 
compared with the value of 1.36+0.07 Mev reported 
by Bateson. This discrepancy can be accounted for by 
the presence of oxygen contamination in the range 
measurements of Bateson. 

The positions of the energy levels of B" established 
by this investigation can be used to assign some of the 
gamma-radiations observed from boron bombarded by 
deuterons.”-" The gamma-rays of 4.52, 6.74, and 9.11 
Mev, assigned by Terrell'* to (B'°+d), appear to be in 
good agreement with the excited states of B"™ at 4.46, 
6.76, and either 8.93 or 9.19 Mev. It appears prob- 
able that these gamma-rays can be assigned to the 
B'°(d,p) B"* reaction, although the possibility that some 
may arise from the B!%(d,n)C"* reaction cannot be 
ruled out. However, the measured energies of these 
gamma-rays appear to be in better agreement with 
the levels of B" than with those of C". In addition, 
Terrell found indications of gamma-rays of slightly 
higher energy than the 4.41- and 6.74-Mev gamma-rays, 
which could correspond to the 5.03- and 6.81-Mev 
excited states of B'. The gamma-rays of 6.9- and 9.1- 
Mev excitation, observed by Gaerttner, Fowler, and 
Lauritsen,” from natural boron bombarded by deu- 
terons were previously ascribed to the B"(d,n)C"* 
reaction. In view of the above results, it appears that 
these gamma-rays should be assigned to the B!°(d,p)B""* 
or B!°(d,n)C"* reactions. This assignment is in agree- 
ment with the observation of Hudspeth and Swann*! 
that most of the radiations greater than 2 Mev from 
(B+d) are from B" rather than from B". The gamma- 
ray of 4.4 Mev, observed by Gaerttner ef al.,” from 
(B+d) can be assigned to both B!°(d,p) and B"(d,n) 
inasmuch as Terrell finds a gamma-ray of 4.50.1 Mev 
from (B"-+-d) in addition to the gamma-ray of 4.46 Mev 
from (B'°+d). The gamma-ray of 2.2 Mev, observed 
by Gaerttner e/ al., can be assigned to both the B!°(d,p) 
and B!°(d,n) reactions. 

The positions of the levels of B" established in this 
investigation are shown in the level diagram of Fig. 6. 
There was no indication of additional B'°(d,p) proton 
groups with an intensity greater than 0.1 the intensity 
of the ground-state B!°(d,p)B" group in a region of 
excitation of B" from 0 to 10.22 Mev. The intense 
C"(d,p) and O'*(d,p) groups obscured 3 percent of the 
total region for groups of intensity less than 0.1 the 


* E. L. Hudspeth and C. P. Swann, Phys. Rev. 76, 1150 (1949) 
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intensity of the ground-state B'°(d,p) group. The levels 
of B" found by this investigation appear to be in four 
groups, with a wide separation of about 2.3 Mev 
between groups. 

For increasing excitation of B", the number of 
excited states in each group increases in order from one 
to four with an over-all spread of about 0.5 to 0.7 Mev 
for the components of the three higher groups. The fact 
that no additional levels of B" were found for excita- 
tions of 9.3 to 10.2 Mev is in agreement with this 
pattern. 

The next higher level occurs at 11.5-Mev excitation, 
corresponding to a possible resonance® in the B°(n,a)Li’ 
reaction at a neutron energy of 0.1 Mev. This excited 
state could correspond to a component of a fifth group 
of excited states. It would be of interest to examine the 
yield of the Li’(a,y)B" reaction starting at low alpha- 
energies,* since resonances would be expected corre- 
sponding to the levels of B" at 8.93, 9.19, and 9.28 Mev. 
An extension of this experiment to higher alpha-energies 
might establish the position of the next higher excited 
state of B". 

The background between the B!°(d,p) proton groups, 
corresponding to excited states of B™ at 8.93, 9.19, and 
9.28 Mev, was less than 0.03 the intensity of these 
proton groups and could be accounted for by a sinall 
amount of alpha-contamination on the nuclear-track 
plates. In addition, an upper limit of 4 kev was found 
for the half-width of the 8.93-Mev level of B", although 
no proton groups were found corresponding to a region 
of excitation of 950 kev above the 9.28-Mev level. 
Therefore, there was no indication of any overlapping 
of levels or of uniform spacing of levels up to an 
excitation of B™ of 10.2 Mev..- 

It is of interest to compare the excited states of 
mirror nuclei of odd mass number. The mirror nuclei, 
Li’ and Be’, each have one low-lying state at 478 and 
431 kev, respectively, the positions of which appear to 
correspond. The mirror nuclei, C® and N™, have excited 
states at 3.10, 3.68, and 2.34 and 3.52 Mev, respectively. 
Although the positions of these states do not agree 
experimentally,* their comparison is complicated by 
the fact that the two excited states of N™ are virtual 
to proton emission, while those of C" are not. Thomas* 
has taken this fact into account and, by a theoretical 
analysis, has shown that the levels of C¥ and N® do, 
in fact, correspond. 

A comparison of the mirror nuclei of B" and C" is 


® Goldsmith, Ibsen, and Feld, Revs. Modern Phys. 19, 259 
947). 
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* Since this manuscript was prepared for publication, Toppel, 
Roys, and Bennett, Phys. Rev. 81, 316 (1951) have reported 
the observation of three resonances in the thick-target yield 
curve of the gamma-radiation from Li’ bombarded by alpha- 
particles. The positions of these resonances are in excellent 
agreement with the three levels in B" as determined in the present 
experiment. 

D. M. Van Patter, Phys. Rev. 76, 1264 (1949). 
38 R. G. Thomas, Phys. Rev. 80, 136 (1950). 
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Fic. 7. Comparison of 
the excited states of C" 
and B". 
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not thus complicated. All excited states of B" below 
8.6-Mev excitation are bound, while those up to 11.2 
Mev are not virtual to proton or neutron emission. 
Similarly, excited states of C" below 7.5 Mev are bound, 
while those below 8.7 Mev are not virtual to proton 
emission. It is of particular interest to compare the 
states excited by the mirror reactions of B!°(d,p)B" 
and B!°(d,n)C". 

An extensive survey of the states of C" from the 
B'°(d,n)C" reaction has recently been reported by 
Johnson,** who finds levels at 1.90, 4.30, 4.85, 6.48, 
6.83, 8.45, and 8.70 Mev. A comparison of these C" 
levels with the levels of B" reported here is shown in 
Fig. 7, where the striking similarity of the two level 
schemes can be seen. A doublet in C" of 50 kev, corre- 
sponding to that of B" at 6.8 Mev, could not have been 
resolved by Johnson in his measurements of the 
B'°(d,n)C™ neutron groups. The levels of C" are con- 
sistently lower by about 0.2 Mev (except in one case 
where the difference is 470 kev). This could be accounted 
for by the additional coulomb energy in C™. A discus- 
sion of the level schemes of mirror nuclei has been 
recently presented by Richards.*” It is concluded that 
the level schemes of B" and C", as known at present, 
correspond up to 9-Mev excitation and that the result 
provides the best example to date of the agreement of 
the excited states of two mirror nuclei. 

We are glad to acknowledge the generous cooperation 
of our colleagues at the High Voltage Laboratory. We 
are particularly indebted to Mr. W. A. Tripp and Mrs. 
C. A. Bryant for their careful work in counting on the 
photographic plates. 


% V. R. Johnson, Phys. Rev. 81, 316(A) (1951). 
*'H. T. Richards, Phys. Rev. 81, 308 (1951). 
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Radioactivity Induced in Iridium by 
Neutron Capture* 


J. M. Cork, J, M. LeBianc, A. E. Stopparp, W. J. CHILDs, 
C. E, BRanyan, AND D. W. MARTIN 


Department of Physics, University of Michigan, Ann Arbor, Michigan 
(Received February 23, 1951) 


ARLY studies' of iridium showed the presence of two long- 

lived induced radioactivities of half-lives about 19 hours and 

70 days, presumably derived from the two stable isotopes of mass 

191 (38.5 percent) and mass 193 (61.5 percent). Further investiga 

tions* have identified the longer-lived activity, now found to be 78 

days, as due to radioactive Ir™, and the 19-hour activity as due 
to Ir™™, 

Spectrometric studies showed the presence of many electron 
lines associated with the 78-day activity, and from an evaluation 
of the gamma-rays a tentative nuclear level scheme had been 
proposed. With the increased neutron flux of the Argonne pile, a 
source of much higher specific activity has now been obtained and 
found to yield many previously unobserved electron lines. It is 
evident that certain of the long-lived electron lines have K-L-M 
differences characteristic of osmium (Z= 76) and are thus emitted 
following K-capture in Ir. The remainder, except for six weak 
lines, have K-L-M differences of platinum (Z=78) and hence are 
emitted foilowing the competing beta-decay. While the electron 
energies are in many cases very close to the previously reported 
values, the many new lines and the present interpretation lead to a 
considerable change in the nuclear level scheme. 


TABLE I. Summary of electron lines 








Rela- Rela- 

Electron tive Gamma- Electron tive 
energy inten- Interpre- energy energy inten- Interpre- 
(kev) sity tation (kev) (kev) sity tation 


A(a-—L) K*78 
526 W  A(a—Ly) K*78 
55.0 W Ala—Ly)7 L778 
57.5 2 A(p— Luy' 78 

and K!7 M’78 
L*78 
L7* Pb 
L;*78 
Li* 78 
M*78 
N*78 
Kl 76 
or K!°78 
Ku 78 
K" 76 
or K12 78 
K" Pb 
K¥78 
1178 
KK 76 
LY“ 78 
M78 
NY 78 
K%78 
K's 78 
K" 78 
L% 78 
. Ww L178 
K* Pb 7. 599.5 LL" 78 
K* Pb 
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1. Proposed nuclear energy levels in =Pt!® following 
8-emission from Ir!*, 


In all, about 45 electron lines are observed in the energy range 
from 49 kev to 600 kev, as shown tabulated in column 1, Table I. 
In addition to the internal conversion electrons, photoelectrons 
from a lead radiator were also observed. An estimate of the relative 
intensity of each line is given in column 2. The proposed identifica- 


TABLE II. Summary of gamma-rays. 





Gamma-energy (kev) 
Z=76 Z=78 


Arbitrary 


“ . > (kev) 
Arbitrary Gamma-energy (kev 
designation 


designation Z=76 Z=78 
135.9 
156 

169 or 173 

201.1 

205.7 

283 





396 or 400 
415.1 
438 
467.4 


$88.6 
603.7 
611.2 
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Fic. 2. Proposed nuclear energy levels in 7Os'® following 
-capture in Ir!%, 
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tion of each electron line is presented in column 3 and the resultant 
gamma-energies in column 4. Arbitrary superscripts are used to 
denote the gamma-rays increasing in order with the energy. Seven 
of the low energy electron lines are of Auger origin, as noted in 
column 3. A summary of the energies of the gamma-rays associated 
with each process is offered in Table II. 

It is now possible to arrange a scheme of 6 levels for the excited 
platinum 192 nucleus as shown in Fig. 1, which is satisfied re- 
markably well by 10 of the observed gamma-rays. A proposed 
level scheme for the osmium 192 nucleus is portrayed in Fig. 2 
The K-capture process is also substantiated by the presence of 
Auger lines characteristic of osmium. Six of the weaker electron 
lines do not enter in K-L combinations and are assumed to be K 
lines for either osmium or platinum. A choice is made for the two 
gamma-rays designated as 6 and 14, since their energies fit 
satisfactorily in Fig. 2. 

The early exposures of the freshly irradiated specimen showed a 
few electron lines which did not appear on later photographic 
plates, indicating that they were associated with the 19-hour 
radioactivity in Ir™, From the electron energies, a single gamma- 
ray of energy 327.5 kev is indicated for the Pt" nucleus. A similar 
energy has been known to exist in the K-capture decay of Au™. 


* y _project was made possible by the joint support of the ONR 


and A 
1j. Corie and R. Thornton, Phys. Rev. 51, 59 (1937); McMillan, Kamen, 
and Ruben, Phys. Rev. 52, 375 (1937). 

2M. Deutsch, Phys. Rev. 64, 265 (1943); J. Cork, Phys. Rev. 72, 581 
(1947); M. Levy, Phys. Rev. 72, 352 (1947); R. Hill and W. Meyerhof, 
Phys. Rev. 73, 812 (1948). 


On Some Recent Calculations on 
Cascade Shower Theory 


H. MESSEL 


School of Theoretical Physics, Dublin Institute for Advanced Studies, 
Dublin, Ireland 


(Received March 5, 1951) 


HERE have recently appeared a number of works'~* on the 

flectron-photon cascade theory. In each case the authors 
were concerned with the solution of the diffusion equations of the 
cascade theory of electron showers when the ionization loss term 
was included. Bhabha and Chakrabarty‘ developed an elegant 
and simple series solution of the diffusion equations and showed 
that the first two terms of the series gave results which were quite 
satisfactory for all practical purposes. It was also pointed out by 
Janossy and Messel® that the solutions given by B.C. could be 
quickly and easily evaluated. Their solutions have also the added 
advantages: 

(a) the first-order correction for the effects of ionization loss is 
expressed as a shift of the energy spectrum by an amount of the 
order of the critical energy, 

(b) the series may be used either to evaluate the number of 
electrons [N (EZ, #)] or photons [y(£, #)] above a specified energy 
E (and this is the physically important quantity), or to evaluate 
the total number of electrons [N(0,#)] or photons [-y(0, ¢)] at 
various depths ¢. 

In the meantime Snyder*® developed solutions of the cascade 
equations using a different approach. He showed that the solution 
of the cascade equations could be reduced to the solution of 
certain difference equations. The method is fairly long and is far 
from yielding solutions which lend themselves to easy com- 
putation. In fact, the solutions given by Snyder are of practical 
value only for computing the total number of electrons or photons 
for E=0, at various depths. In order to obtain results for any other 
value of £, the evaluation of a triple complex integral is required. 
This in itself is a serious drawback. Snyder also pointed out that 
his solutions yielded values for (0, ¢) at the cascade maximum 
which were about 35 percent higher than those obtained by 
B.C., who used the first two terms of their series. Hence, it was 
concluded that the results of B.C. were inaccurate. At the same 
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Fic. 1. N(O,¢), the average number of electrons induced by an incident 
electron of energy Zo, plotted against the depth ¢ in cascade units. We have 
marked the curve given by Snyder's solution 1, am oe by Bernstein for 
lead 2, and that by B.C. 3, In each case inE»/p = 


time Snyder pointed out that for a shower initiated by an electron 
of energy Eo 


j I N(O, t)dt= Eo/8, (1) 


where 8 is the ionization loss. He then mentioned that the first two 
terms of the B.C. solution contribute only 70 to 85 percent of 
E,/B8 and hence these authors did not use a sufficient number of 
terms of their series. B.C. had given in their paper a very 
satisfactory explanation for the above, which appears to have been 
overlooked by both Snyder and Bernstein.? We quote from 
reference 1. 

“From the physical point of view, however, Eq. (1) must be 
taken with caution, especially in substances of high atomic number 
where the critical energy is low. It is not true that all the energy of 
a cascade is dissipated by the collision loss of cascade electrons 
alone. A good deal of energy is lost in the form of quanta of energy 
less than 2 mc* which are incapable of further pair creation. Thus 
the complete series for N(0,#) must give too many cascade 
electrons of low energy at large thicknesses, and the first two or 
three terms of the series may well give a truer picture of the 
physical process in substances of high atomic number.” 

Bernstein lately has taken Snyder’s solution and applied to it a 
correction by means of a perturbation method. He used a more 
refined approximation to the Bethe-Heitler cross sections than had 
hitherto been used. The method employed by Bernstein is straight- 
forward but naturally even more tedious than that of Snyder— 
and again of the same limited applicability. From Bernstein’s 
results there evolves an interesting feature. He finds that Snyder’s 
results give a value for N(0,#) which is much too high at the 
cascade maximum. We have plotted in Figs. 1 and 2 the results 
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Fic. 2. N(0,¢), the average number of electrons induced by an incident 
electron of energy Es, plotted against the depth ¢ in cascade units. We have 
marked the curve given by Snyder's solution 1, that given by Bernstein for 
lead 2, and that by B.C. 3. In each case InE; /B=5. 


found by Bernstein, Snyder, and B.C. for N(0,¢) for InEo/s=8 
and 5. The curves taken from Bernstein are those for lead. 

It becomes immediately evident that the B.C. solutions (which 
can be used with ease) are not as inaccurate as hitherto made out. 
We also wish to point out that Bernstein, like Snyder, has failed to 
take into account the facts given in the quotation above. When 
this is taken into consideration, it appears likely that the pro- 
nounced “‘tail” of the curves given by Bernstein, beyond the 
cascade maximum, will be decreased to a value close to that given 
by B.C. It thus now appears that the series solution of B.C. 
can be used with confidence. 

I am indebted to Professor H. J. Bhabha for valuable discussion 
of the above. 


1H. J. Bhabha and S. K. Chakesberty, Cg Rev. 74, 1352 (1948). 
3 (19 


2H. S. Snyder, Phys. Rev. 76, 15 

31. B. Bernstein, Phys. Rev. 80, 395 (1950). 

4 Reference 1, henceforth shortened to B.C. 

* L, Janossy and H. Messel, Proc. Phys. Soc. (London) A64, 1 (1951). 


Photonuclear Stars in Emulsions* 


RicuarD D. MILLER 


Radiation Laboratory, Department of Physics, University of California, 
Berkeley, California 


(Received January 23, 1951) 


LFORD C2 emulsions, 200 microns thick, were exposed in the 
collimated x-ray beam from the Berkeley 322-Mev synchro- 
tron. Exposures were made at synchrotron energies of 322, 242, 
and 161 Mev, and the monitor ionization chamber was calibrated 
relative to pair production cross sections at each of the three 
energies by the method described by Blocker, Kenney, and 
Panofsky.' 

The complete area covered on each plate by the beam (}-in. 
circle) has been scanned for stars with two and more prongs. 
Because of the impossibility of distinguishing between a two-prong 
star and a scatter in the track of a single particle in a large number 
of cases, two-prong stars were classified as either possible or 
probable. Because of the arbitrariness and the difficulty of setting 
sufficiently precise criteria for this distinction, the two-prong data 
are regarded as essentially qualitative. All events within 5.5 
microns of either surface of the emulsion after processing were 
discarded, and the minimum prong range counted was 3 microns. 
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TABLE I. Relative yields of stars. 





prongs 322 Mev 
possible 2 7327 
probable 2 9148 
3 137+6 
88 +5 
3743 
1342 
3+1 

0.9 +0.5 
2 280+9 

2 54+4 





3.6+1.6 


184+12 
18+4 








The yields of stars with various numbers of prongs are shown in 
Table I. The 322-Mev yields are normalized to an emulsion 
thickness before processing of 200 microns, and to an exposure of 
10® “equivalent quanta,” or 322 108-Mev total energy in the 
complete bremsstrahlung spectrum. The yields at the other 
energies are normalized to the same thickness and to exposures 
that contain the same number of quanta per Mev interval at 32 
Mev. The uncertainties indicated in the table are the standard 
deviations due to counting statistics only. The prong spectrum of 
the 322-Mev yield is similar to that reported by Kikuchi;? the 
difference in the minimum prong length counted probably ac- 
counts for the discrepancies. 

Using the nominal partial densities of emulsion elements given 
by the manufacturer, and assuming that star production cross 
sections are proportional to mass number, the 322-Mev yield of 3 
and more prong stars gives a cross section for silver, integrated 
over the bremsstrahlung spectrum, of 6.5 10-?’ cm? per “equiva- 
lent quantum.” This figure is reduced to 5.6X10-*' if the cross 
section is assumed proportional to A!. 

The energy distribution of the quanta responsible for the 
ane in yields from the different energy exposures is shown 
in Fig. 1. Also shown, at one-tenth the scale for the difference 
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Fic. 1. Differences between spectral distributions of bremsstrahlung from 
electrons of 322, 242, and 161 Mev, when the spectra have been normalized 
to contain the same number of quanta per unit energy interval at 32 Mev. 
The 161-Mev bremsstrahlung spectrum is shown at one-tenth the ordinate 
scale for the difference spectra. 


spectra, is the spectrum of 161-Mev bremsstrahlung. Because most 
of the difference quanta are in the energy range between the two 
upper limits of the bremsstrahlung spectra, it is possible to 
calculate a cross section averaged over this energy interval. 
Estimating that that part of the yield due to the low energy tail in 
the 161- to 242-Mev difference spectrum is 10 percent of the 161- 
Mev yield, and making similar corrections for the yield from the 
tail in the 242- to 322-Mev difference spectrum, the average cross 
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TABLE II. Meson photoproduction cross sections of silver, integrated 
over 322-Mev bremsstrahlung, in units of 107%? cm? per equivalent 
quantum. 








sections of silver for the production of three or more prong stars are 


f ® O(E)Ns22(E)dE / f.  Na2.(E)AE = (81) X10- cm?, 
/ 42 2 


22 o(B)Nae EAE / | Noa E)dE =(741) X10 cm’, 
J 161 161 


where N322(Z) is the number of quanta per Mev in 322-Mev 
bremsstrahlung, etc. 

The integrated meson production cross sections of silver listed 
in Table II have been calculated from the measured carbon cross 
sections,** assuming the A~! dependence of the yield per nucleon 
found for x* meson production.® It seems likely that some of the 
stars observed are associated with meson production. The star 
yield is probably too large to be accounted for by this process 
alone, however, since only about } of the low energy x~ mesons 
found which were produced in the emulsion had as many as 3 
other prongs associated with their production. 

Another possible mechanism for star production by high energy 
photons is suggested by the #* meson relative yield data of 
Mozley.* The implication of the A~! dependence of the yield per 
nucleon is that only the surface nucleons are effective in producing 
mesons. Since none of the known photonuclear reactions have 
cross sections comparable to nuclear area at these energies, this 
effect is probably not due to nuclear opacity to photons. If, how- 
ever, this effect is due to nuclear opacity to mesons, one might 
expect that there should be stars produced by meson production 
and reabsorption in the same nucleus, with cross sections several 
times that for meson production. 

I wish to thank Professor E. M. McMillan for suggesting this 
problem and for his helpful discussions, Mrs. W. R. Gaffey for 
assistance in scanning the plates, Dr. R. S. Christian for calcula- 
tions of the bremsstrahlung spectra, Mr. R. Kenney and Mr. W. 
Blocker for the use of equipment and assistance in calibration of 
the ionization chamber, and Mr. G. C. McFarland and the 
synchrotron crew for assistance in making the exposures. 

* This work was performed under the auspices of the AEC. 

1 Blocker, Kenney, and Panofsky, Phys. Rev. 79, 419 (1950), 

*S. Kikuchi, Phys. Rev. 80, 492 (1950). 

3 Peterson, Gilbert, and White, to be published. 


4 Steinberger, Panofsky, and Steller, Phys. Rev. 78, 802 (1950). 
5 R. F. Mozley, Phys. Rev. 80, 493 (1950). 


An Interpretation of Nuclear Cross Sections for 
High Energy Neutrons* 
ROBERT JASTROW 
Radiation Laboratory, University of California, Berkeley, California 
(Received March 2, 1951) 


ECENTLY, Dejuren and Moyer have extended the measure- 

ments of neutron cross sections to fill in the energy region up 

to 280 Mev' and find two interesting features, illustrated by their 
data for aluminum in Fig. 1: 

1. The cross sections are constant at high energies, above 
150 Mev. 

2. The drop to these high energy levels occurs very sharply at 
intermediate energies. 

The constancy of the cross sections at high energies is in contrast 
to the continued decrease with increasing energy which would be 
expected if the interaction between the neutron and the particles 
in the nucleus were weak. It suggests the presence of a singularity 
in the #-n and n-p interactions, presumably the same singularity 
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Fic. 1. Cross section of Al for high energy neutrons. The dashed curve 
is fitted to the experimental points of Dejuren and Moyer. Curves A and 
B are calculated from the optical model with and without, respectively, a 
central repulsion in the nucleon-nucleon interaction. 








for which evidence is provided in the p-p interaction by the nearly 
energy-independent -p cross section at correspondingly high 
energies. * 

In order to test this interpretation of the energy-independent 
cross sections we have carried out calculations based on an optical 
model in which nuclear matter is described by an index of refraction 
and an absorption coefficient.‘ The cross section is then composed 
of an incoherent contribution depending only on the absorption 
coefficient and a coherent contribution depending on the index of 
refraction. The absorption coefficient is given by 


K=4p(onntonp), (1) 


where p is the nucleon density, and ong and ony are the total n-n 
and n-p cross sections. For the index of refraction, #, we have 
(assuming equal numbers of protons and neutrons) 


n=1+(xp/k*) | fan(0)+fnp(0)}, (2) 


where & is the neutron wave number and fy(0) and f,p(0) are the 
forward scattering amplitudes, all in the laboratory system. 

If we assume that n-n and p-p forces are identical, we may insert 
the measured m-p and p-p cross sections in (1). The forward 
scattering amplitudes occurring in (2), however, are not un- 
ambiguously determined by experiment, even under the assump- 
tion of identical n-n and p-p forces, but must be calculated from 
the particular nucleon-nucleon interaction assumed. We have 
substituted in (2) scattering amplitudes derived from potentials 
fitted to n-p and p-p scattering by Christian and Hart* and by 
Christian and Noyes‘ and obtained the neutron cross section given 
by curve A of Fig. 1. This result does not reproduce the rapid fall 
in Dejuren’s measurements at intermediate energies. 

Since the absorption coefficient and the incoherent cross section 
are fixed by experiment, the origin of the discrepancy must lie in 
the coherent contribution and, therefore, in the values used for the 
scattering amplitudes in (2). One sees that a description of the 
neutron cross sections requires a nucleon-nucleon potential such 











262 LETTERS TO 


that (0) decreases rapidly with increasing energy above 100 Mev. 
A potential consisting of a strong repulsion surrounded by an 
attractive well possesses this characteristic, owing to the circum- 
stance that interference between the repulsion and the surrounding 
well causes the S phase shift, and hence its contribution to the 
scattering amplitude, to become negative at high energies. 

An interaction of this type, containing a singlet central repulsion 
of radius 0.60X 10~ cm, has aiready been suggested* in connection 
with high energy p-p scattering measurements. We have calculated 
the neutron cross sections using forward scattering amplitudes 
obtained from this potential, with results for aluminum given in 
curve B of Fig. 1. We conclude from Fig. 1 that if one is restricted 
to a simple model for the nucleon interaction, the sharp drop in the 
observed neutron cross section at high energies requires that this 
model contain a strong central repulsion. 

It is important to note that this argument sheds no light on the 
tensor component of the interaction, since tensor forces of any kind 
will make only small contributions to f(0). 

A more detailed account is in preparation, including a discussion 
of the effect of the presence of other nucleons on the two-body 
nucleon cross sections. 

* This work was carried out under the auspices of the AEC. 

1 J. Dejuren and B. J. Moyer, Phys. Rev. 81, 919 (1951); also University 
of California Radiation Laboratory Report No. 887 (unpublished). 

? Chamberlain, Segré, and Wiegand, Phys. Rev. 81, 284 (1951); O. 
Chamberlain and C. Wiegand, Phys. Rev. 79, 81 (1950). 

*R. Jastrow, Phys. Rev. 81, 165 (1951). 

*R. Serber, Phys. Rev. 72, 1114 (1947); Fernbach, Serber, and Taylor, 
Phys. Rev, 75, 1352 (1949). 


*R. S. Christian and E. W. Hart, Phys. Rev. 77, 441 (1950). 
*R. S. Christian and H. P. Noyes, Phys. Rev. 79, 85 (1950). 


The 7+ T Reactions 


K. W. Atien,* E. Atmovist, J. T. Dewan, T. P. 
AND J. H. SANDERSt 
Alomic Energy Project, National Research Council of Canada, 


Chalk, River, Ontario, Canada 


(Received February 26, 1951) 


PEPPER, 


HE interaction of tritons with tritons may lead to three 
nuclear reactions: 
T+T—Het+2n+ 11.3 Mev (1) 
—He'+n +~10.5 Mev (2) 
{ 


He‘+n +~ 0.8 Mev! 
—He'+n’?. (3) 
The first reaction is a 3-body disintegration resulting in continuous 
energy distributions for the a-particles and neutrons. The second 
reaction is a two-stage process recognizable by a neutron group at 
~8.8 Mev. Reaction (3) postulates the formation of a di-neutron 
which, if its lifetime were sufficiently great, would be accompanied 
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Fic. 1. The T +T a-particle energy distribution. 
Triton energy =220 kev. 
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Fic. 2. The T+T a-particle energy distribution. The solid line is the 
theoretical distribution based on classical statistical mechanics. Probable 
errors are indicated. E7 is triton energy. 


by an a-particle group of small energy spread. To distinguish these 
reactions measurements have been made of the energies of the 
disintegration products emitted at 90° to the triton beam. 

The momentum distribution of the a-particles was investigated 
using a 90° analyzing magnet? with a resolution of 3 percent in 
momentum. The a-particles were detected by their scintillations 
in a ZnS screen. Sufficient intensity was obtained by bombarding 
a brass block with a 200 wa unresolved beam containing 10 percent 
tritons, some of which were absorbed on the brass and acted as a 
target. The bombarding energy was 220 kev. The relative number 
of «-particles per unit energy interval in the range 0.7-4.5 Mev is 
shown in Fig. 1. Scattered tritons from the beam prevented 
measurements below 0.7 Mev. The intensity of low energy 
a-particles has been corrected for the effect of charge exchange in 
the target.? Superimposed on the continuous distribution from 
reaction (1) is a group of a-particles at 3.5 Mev from the T+D 
reaction. The high intensity of this group can be explained by the 
large yield of this reaction at low energies‘ and the natural 
deuterium content in the beam and in traces of oil on the target. 

As the 7+D peak might obscure a small group of a-particles 
associated with the formation of an unstable di-neutron, it was 
necessary to reduce the deuterium contamination. Best results 
were obtained by bombarding a metal strip, maintained at a dull 
red heat, with a resolved beam of mass 5 ions [H H T+]. Heating 
the target prevented deposition of oil vapor. An extended in- 
vestigation of the upper portion of the a-particle distribution was 
made under these conditions with a proportional counter and 
thirty-channel pulse analyzer.* The complete energy distribution is 
shown in Fig. 2. 

The a-particle distribution shows no group corresponding to the 
formation of a di-neutron, unless such a group coincides in energy 
with that of the 7+D a-particles. The absence of an a-particle 
group at an energy greater than 3.8 Mev, the energy corresponding 
to a di-neutron of zero binding energy, leads to the conclusion that 
a bound state of the di-neutron, if it exists at all, is formed in 
fewer than 1 percent of the disintegrations. If the di-neutron exists 
in a virtual state with a mass exceeding that of two neutrons by an 
amount equivalent to an energy E, an a-particle group with energy 
3.8—E/3 Mev will be observed whose width will depend on the 
lifetime of the state. For E<0.6 Mev an upper limit of 1 percent of 
the disintegrations may be placed on the existence of an a-particle 
group of width ~0.2 Mev corresponding to a di-neutron of life- 
time ~3 X 10! sec. 

The neutron energy distribution shown in Fig. 3 was obtained 
from measurements of proton recoils in Ilford C2 100u-emulsions 
placed at 90° to the triton beam. A light target assembly was used 
to reduce the neutron scattering. Since no correction has been 
made for the small effect of scattering, the distribution may be 
distorted so as to increase the apparent number of low energy 
neutrons. Recoil protons from monoenergetic 14-Mev T+D 
neutrons were observed, but have not been included in Fig. 3. 
There is some evidence for a peak at ~8.8 Mev corresponding to 
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Fic, 3. 
the formation of He in its unstable ground state. Owing to its 
short lifetime, this nucleus disintegrates while in motion. This 
results in an energy spread of its disintegration products; the 
neutron energy lies between 0.05 and 1.93 Mev, the associated 
a-particle energy between 0.6 and 2.5 Mev. These particles are not 
resolved from the 3-body distribution from reaction (1). 

The neutron measurements at 90° indicate that either the yield 
of reaction (2) is small or the neutron and the He are emitted at 
angles near 0° or 180° to the beam. In the latter case only a few of 
the breakup a-particles can be observed at 90° owing to the large 
momentum of the He® nucleus. Thus, in either case, the observed 
a-particle energy distribution is due largely to the 3-body dis- 
integration. Within the present experimental error, the a-particle 
energy distribution indicates the partition of energy among the 
products of the 3-body disintegration to be in fair accord with 
classical phase space considerations,* although there is some slight 
evidence for an angular correlation favoring emission of both 
neutrons in the same hemisphere. 

In conclusion we should like to express our thanks to Dr. R. F. 
Taschek and his colleagues for valuable discussion of the Los 
Alamos experiments on the 7+T reactions.’ 

* Now at Liverpool University, Liverpool, England. 

t+ Now at the Clarendon Laboratory, Oxford, England. 

1! Williams, Shepherd, and Haxby, Phys. Rev. 51, 888 (1937). 

2 W. E. Burcham and J. Freeman, Phil. Mag. 40, 807 (1949). 

3G. H. Briggs, Proc. Roy. Soc. (London) A114, 341 (1927). 

‘4D. L. Allan and M. J. Poole, Nature 164, 102 (1949). 

5’ Moody, Howell, Battell, and Taplin, Chalk River Report CREL-464 
use (unpublished), 


. D. Newton, as yet unpublished. 
7 Los Alamos Scientific Laboratory, Phys. Rev. 79, 238(A) (1950). 


Solidification of He*® 
D. W. Ossporne, B. M. ABRAHAM, AND B, WEINSTOCK 
Argonne National Laboratory, Chicago, Illinois 
(Received March 2, 1951) 


E have recently succeeded in solidifying He* and have de- 

termined a portion of the melting curve by the blocked 

capillary technique.! The melting pressure was found to change 
from 40.5 atmos at 1.02°K to 56.6 atmos at 1.51°K. 

A schematic diagram of the apparatus is shown in Fig. 1. In 
order to perform the experiment with the amount of gas available 
(190 cc STP) it was necessary to keep the volume of the system 
small. This was accomplished by filling the Bourdon gauges (B 
and G) with mercury and by using 0.1-mm i.d. stainless steel 
tubing for the U-tube (D) in the helium cryostat (Z)? and 0.5-mm 
i.d. tubing for the connections outside the cryostat. The other 
U-tubes (C and F) were immersed in liquid nitrogen to prevent 
mercury from plugging the smaller tubing in the cryostat. The 
apparatus was evacuated and filled through the high pressure 
valves (A and J). The gas in the reservoir (H) was compressed 
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Fic. 1. Solidification apparatus (schematic), 


with mercury displaced by means of the hydraulic system (/). The 
Bourdon gauges, which had 1-lb/in.? graduations and a range of 0 
to 1000 Ib/in.?, were calibrated with a pressure balance while filled 
with mercury. 

As the pressure in the system was slowly increased, at a constant 
cryostat temperature, the two gauges gave the same reading until 
the solidification pressure was reached, and then gauge (G) con- 
tinued to rise while gauge (B) remained constant. Upon lowering 
the pressure the gauge readings again became equal at the solidifi- 
cation pressure. A single measurement was made with He‘, and the 
solidification pressure was found to be 25.2+0.1 atmos at 1.09°K, 
in satisfactory agreement with the more accurate value of 25.10 
atmos found by Swenson.’ The data for He’ are plotted in Fig. 2. 
The equation of the curve in this figure is 


P=27.0+13.0T? atmos (1.02 to 1.51°K), (1) 


and it represents the He* melting pressure in the range of the 
measurements with a mean deviation of 0.1 atmos. 

With the aid of Eq. (1) an upper limit can be calculated for the 
volume change on melting, AV, by substituting the entropy of the 
liquid in equilibrium with the vapor* for the entropy of melting, 
AS, in the relation 


adP/dT=AS/AV. (2) 


It is assumed that the thermal coefficient of expansion of liquid 
He’ is positive, and hence that the entropy of the liquid decreases 
when the liquid is compressed from the vapor pressure to the 
melting pressure. The result is AV <1.2 cc/mole at 1°K. This is 
smaller than the volume change of 2.1 cc/mole for He* at this 
temperature’ but is reasonable because of the higher melting 
pressure of He’. 
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Fic. 2. Melting pressure of He’. 
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Also, from the relation 
AU/AV =TdP/dT—P (3) 


and Eq. (1) it can be seen that AU is zero at 1.44°K and that the 
internal energy of the liquid is less than that of the solid below this 
temperature. 

The melting pressure data also point to another interesting 
result. Since any reasonable extrapolation of the data gives a 
positive melting pressure at absolute zero, it appears likely that 
He’, like He‘, does not have a triple point and that the liquid is the 
stable condensed phase at absolute zero. 


1W. H. ‘Keesom, Communs, Physical Lab. a 184b 


Leiden No. 
(1926); Helium (Elsevier, Amsterdam, 1942), p. 
? Abraham, Weinstock, and Osborne, Phys. Rev. 80, 366 (1950). 
?C. A. Swenson, Phys. Rev. 79, 626 (1950). 


Line Breadths of the Fine Structure of the 
Microwave Spectrum of Oxygen* 
Roy S. ANDERSON,t WILLIAM V, SMITH, AND WALTER GoRDy 


Department of Physics, Duke University, Durham, North Carolina 
(Received March 5, 1951) 


N a previous paper! we have reported on preliminary measure- 
ments of the widths of three fine structure lines of oxygen. 
These lines arise from reorientations of the oxygen electron spin 
vector S(=1) with respect to the rotational angular momentum 
vector K, which is constant for the microwave transitions ob- 
served. It has since been possible to extend the determinations of 
the line-width parameter to include fourteen lines over the range 
of significant population. 

The apparatus for detection of the lines is essentially that cited 
earlier! To make the measurements moie precise, a lattice of 
frequency markers of 5.70 megacycles spacing has been super- 
imposed on the recorder trace. This superposition results in an 
individually calibrated recorder trace for each record made. With 
the detecting system used, the shape of the recorder tracing of an 
absorption line represents the second derivative of the line contour. 
Thus, it is easily demonstrated that the distance between the 
negative minima of the recorder trace is the full width (2Av) of 
the line measured at half intensity. 

Measurements on each of the lines have been made for at least 
three different pressures in the range 0.1 to 10 mm Hg. As in the 
earlier work, measurements at a constant pressure were made for 
successively decreasing modulations. Each time the measured 
widths were extrapolated to obtain the width for zero modulation. 
Since the modulating fields employed were of the order of the 
earth’s field, it was necessary to orient the absorption cell along 
the earth’s field and apply a dc current of proper direction and 
magnitude to prevent significant broadening of the lines by the 
earth’s field. Corrections have been made, however, for broadening 
the lines by inhomogeneity of the magnetic field surrounding the 
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Fic. 1. Comparison of theoretical formula with experimental data. The 
solid curve is the plot of Eq. (2). The points represent measured values of 
the line-width parameter. The + series at pee to transitions J =K+1—-K 
and the — series refers to transitions J =K — 
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cell. The observed line width parameter Av/c expressed in cm™ per 
atmosphere is plotted in Fig. 1 together with a theoretical curve 
discussed subsequently. The data are in agreement with the single 
K=11 line reported by Gokhale and Strandberg,? and are of the 
same magnitude as the line widths observed by Beringer and 
Castle* for AJ=0, AK=0, AM=-+1 transitions occurring in the 
3-cm region at high magnetic fields. 

Since oxygen lacks an electric dipole moment, interactions be- 
tween molecules must take place through the mechanism of 
shorter range forces such as quadrupole (V~1/r), polarizability 
(V~1/r*), or still shorter range nonelectric forces. The magnetic 
dipole interaction is sufficiently small that it can be neglected 
despite its long range (V~1/r*). Anderson‘ and Mizushima’ have 
investigated, respectively, polarizability and quadrupole inter- 
actions for AK=0. Both interactions yield line widths that 
decrease fairly rapidly with increasing K, the quadrupole line 
width decreasing as K~# for high K,* while the polarizability line 
width decreases somewhat more rapidly for low K, and attains a 
constant plateau for K greater than 15. The still shorter range non- 
electric forces may be expected to be essentially independent of K, 
so that a combination of all three interactions (for AK =0) may be 
expected to yield a line shape of the approximate form, 


Avax-0=Ci:+C2K-4. (1) 


The observed variation in Ay with K shows an unmistakable 
peak about K=7. Since K=7—9 corresponds to the peak of the 
thermal population for room temperature, this suggests that 
resonance interactions contribute an important fraction of the 
line widths for these states. Both polarizability and quadrupole 
interactions have an angular cos*@ variation, where @ is the angle 
between the intermolecular distance r and the asymmetry axis of 
the molecule. This angular variation gives large matrix elements 
for K->K+2 transitions. Since only odd K values are permitted 
for oxygen (spin O'*=0; *- ground state), the population of 
(K+2) states near the thermal maximum is particularly high 
with 28 percent of all molecules in K=7 or K=11 states. These 
facts suggest that the total line width should be of the form 


Avot = Ci + C,K4+Ci[f(K —2)+F(K+2)], (2) 


where f(K) is the fractional population of the Ath rotational 
state, and the resonance interaction has been assumed independent 
of X to a first approximation. Figure 1 is a plot of Eq. (2) for 
C,=0.027, C2=0.012, and C;=0.090 cm™ per atmosphere. The fit 
is seen to be satisfactory. The best fit of the data yields a fairly 
low value of C2, which, moreover, includes part of the polarizability 
interaction along with the quadrupole interactions. Mizushima’s 
expression for the quadrupole interaction alone is 


Av cm™!/atmos = 2.24X 104QK-4, (3) 


where Q is defined (as in Smith and Howard’) as the average Q of 
the rotating oxygen molecule (=Margenau’s @/e).* Arbitrarily 
assigning 3/4 of C; to a quadrupole interaction gives a value of 
Q=0.04X 10~* cm? for oxygen. This value is in agreement with the 
upper limit of Q=0.09 X 10~'* cm? deduced from the broadening of 
ammonia by oxygen.” 

We wish to thank Professor Mizushima for sending us a pre- 
publication copy of his paper. We have also benefited from 
correspondence with Dr. P. W. Anderson. 


* Research supported and sponsored by the Geophysical Research 
Directorate of the Air Force Cambridge Research Laboratories. It is 
published for technical information only and does not represent recommen- 
dations or conclusions of the sponsoring agency. 

t The material in this paper is a part of the author's thesis submitted in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy 
at Duke University. 

! Burkhalter, Anderson, Smith, and Gordy, Phys. Rev. 79, 651 (1950). 

2 B. V. Gokhale and M. W. G. Strandberg, Phys. Rev. 82, 327 (1951). 

3R. Beringer and J. G. Castle, Jr., Phys. Rev. 81, 82 (1951). 

*P. W. Anderson, Harvard Ph.D. thesis (1949). 

6 M. Mizushima, privately communicated. 

Small differences between the J =K+1—-K and J =K—1-K inter- 
actions have been neglected, since the observed difference is within the 
experimental scatter of the data. 

Ww. V. Smith and R. Howard, Phys. << ba on (1949). 

8 H. Margenau, Revs. Modern Phys. 11, 1 ( 
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G@osmic-Ray Nucleon-Nucleon Collisions 
in Photographic Emulsions 
E. Pickup anp L. Voyvopic 
Division of Physics, National Research Council, Ottawa, Canada 
(Received March 2, 1951) 


E have so far found four events in Ilford G5 emulsions 

exposed at about 85,000 feet' which show only relativistic 

or near relativistic singly charged particles with a typical forward 

shower cone, and none of the usual low energy nuclear disintegra- 

tion products. It seems plausible to regard these events as being 

due to multiple production of mesons by primary protons in single 
nucleon-nucleon collisions. 

All four events show an incoming singly charged particle, and 
Table I gives the number of shower particles (.V) and their angular 
distribution with respect to the direction of the primary. Event B 
is illustrated in Fig. 1. From multiple scattering measurements the 
particle shot backwards appears to be a meson with energy ~400 
Mev in the laboratory system, corresponding to a fairly high 
energy emission in the CM system for a nucleon-nucleon collision. 
Although only a few particle energies can be measured, we are 
attempting to compare these, the angular distributions and 
multiplicities, with the theories of multiple meson production.? A 
similar event with 7 emitted particles was shown by Camerini 
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F1G. 1, Projection tracing of event B. The tracks marked a go to the air and 
those marked g go to the glass backing of the emulsion. 
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et al.,? and Lord, Fainberg, and Schein‘ have discussed a very high 
energy event with 17 particles emitted, including 15 in narrow 
cones, 

We might expect single nucleon-nucleon interactions in a 
collision between an incoming proton and a hydrogen nucleus or a 
nucleon in a heavier nucleus in the emulsion. Some observations 
can be made on the basis of conservation of charge. In a purely 
p-p (or anti p-p) collision this requires that there be an even 
number of emitted charged particles, whereas for a p-m collision 
the number would be odd. Thus, it would appear that our events 
B and D, and the events of Camerini @ al. and of Lord, Fainberg, 
and Schein cannot represent collisions of a proton with a hydrogen 
nucleus, but could be p-n or possibly p-p collisions with the target 
nucleon in a heavy nucleus. Furthermore, event A can only repre- 
sent a collision with a hydrogen nucleus or with part of a heavier 
nucleus in the emulsion. A complete breakup of a carbon nucleus 
(next lightest to hydrogen in the emulsion) would require at least 
7 emitted charged particles in the event, even with the- very 
improbable assumption of no meson production. It seems likely, 
therefore, that most of the events observed so far represent partial 
collisions with the heavier nuclei in the emulsion, although A and 
C could be p-hydrogen collisions. 

In addition to A, B, C, and D, we have observed several events 
with up to 20 shower particles and with only one or two low 
energy disintegration products. These may represent events of a 
similar nature to those described above rather than the more 
frequent high energy disintegrations involving pluro-multiple 
meson production, and large numbers of low energy products. 

' The emulsions were exposed through a collaborative program of cosmic 
ray investigations by the Barto! Research Foundation and the National 
Research Council of Canada with the cooperation of the ONR project, 
“Skyhook.” 

2 E. Fermi, Prog. Theor. Phys. 5, 570 (1950); W. Heisenberg, Nature 164, 
eau Lewis, Oppenheimer, and Wouthuysen, Phys. Rev. 73, 127 


3 Camerini, Fowler, Lock, and Muirhead, Phil. Mag. 41, 413 (1950). 
‘ Lord, Fainberg, and Schein, Phys. Rev. 80, 970 (1950), 


Meson Production Accompanying 
Uranium Fission* 
H. BRADNER AND J. K, BowKeEr 


Radiation Laboratory, Department of Physics, University of California, 
Berkeley, California 


(Received February 27, 1951) 


HE 160 to 200 Mev released in the fission of uranium is 
sufficient to make the production of a pi-meson energetically 
possible. The process seems unlikely, however, and was not con- 
sidered seriously until the event shown in Fig. 1 was discovered! in 
a uranium loaded plate exposed by Al-Salam to cyclotron mesons.? 
Here is definitely a 5-Mev meson (a) coming from a fissioning 
nucleus and leaving the emulsion just before coming to rest. It is 
not possible to determine the charge of the meson, since it does not 
end in the emulsion. Track (b), which stays in the emulsion for 
2.4 mm, is a proton of energy 115+ 20 Mev as determined by grain 
count and scattering measurements. A nonuniform development of 
the plate makes it impossible to say with certainty whether this 
proton was entering or leaving the fission. 

If the proton was entering the uranium nucleus, then the meson 
must have been produced as a result of the fission, since the 
threshold energy for direct production is greater than 150 Mev. If 
the proton was leaving the uranium nucleus, the event was 
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Fic. 1. Photomicrograph of a meson associated with uranium fission. 


probably caused by a fast neutron which ejected a meson and a 
proton from a nucleus which subsequently fissioned. 

Following the discovery of this event, two experiments were 
performed to search for mesons produced in uranium fission. 

I. For the first experiment, C2 and G5 emulsions were placed 
next to a 6-mmX30-mmX0.4-mm sheet of 94 percent U™* and 
exposed for 40 hours to neutrons from a Po-Be source, moderated 
by 7 in. of paraffin.’ The source produced 1X 10° neutrons per sec. 
Three normal p-mesons and two faded p-mesons, but no o-mesons 
or x-u-decays, were observed in 340 mm? of emulsion. One other 
meson left the emulsion a few microns before coming to rest. All 
possible meson energies could have been detected in the emulsion. 

Assuming a maximum of one r-meson per 340 mm* (though the 
p-mesons observed were almost certainly due to cosmic-ray 
background), and assuming a flat distribution in range of the 
mesons coming from the U** sheet, the probability for producing 
mesons is less than 8X 10~". A cross section of 500 barns‘ for slow 
neutron fission of U** was used for this calculation. 

II. The second experiment gave a much weaker limit on the 
cross section for meson production, but achieved high initial 
nuclear excitation by using the decay energy of x~ mesons. The 
total energy released is greater than twice the rest mass of a 
x-meson. A high probability of meson production would be 
particularly significant in this case, since Al-Salam’s measure- 
ments’ indicate that every x meson captured in uranium results 
in fission. A beam of x~ mesons produced in a conventional channel 
arrangement inside the 184-in. Berkeley cyclotron was stopped in 
a }-in. thick slab of ordinary uranium metal. Secondary mesons up 
to approximately 30 Mev produced in the slab could be observed 
in a C2 emulsion embedded in absorber beyond the uranium. The 
total meson flux into the uranium was computed by making runs 
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of the same length, and counting the number of mesons stopping 
in an emulsion behind a triangular absorber. Background runs 
were made by replacing the uranium with lead, and by blocking 
the meson channel with a lead plug. Results are given in Table I. 


TABLE I. Experimental results. 








Number of Mesons 
ondary 
(all directions) 


oT Ere. 2 


Secondary scanned 
(from slab) cm? 


ows Pp 


Primary 





7 0 60 0 
10 1 0 1 
8 0 0 0 


4440/cm? 3 
4440/cm? 5 


It is evident that few if any of the secondary mesons were 
produced in the uranium, since none came from the direction of the 
uranium slab, and the number of randomly directed events was 
statistically no different from the background runs. Assuming 
that, at most, one of the mesons was produced via fission, it can 
be estimated that no more than one meson per 172 captured in 
uranium will produce a secondary meson with energy under 
30 Mev. 

It can be inferred that the original event observed was a “direct 
production” of a meson from a fast neutron striking a nucleon in 
uranium, and was not directly associated with the fission. 

The authors wish to thank the other members of the film group, 
particularly F. M. Smith, J. Willat, and H. Heckman, for their 
work on this experiment. 

* This work was performed under the auspices of ‘he AEC. 

1 Found by J. Willat. 

2S. G. Al-Salam (private communication). 

*W. H. Barkas (private communication) had independently made a 
similar qualitative experiment using unseparated uranium. 


4B. Feld, in Science and Engineering of Nuclear Power. Editor, C. 
Goodman, Addison-Wesley Press, Cambridge, Massachusetts (1947), Vol. I. 


Angular Distribution of Fast Neutrons 
from Deuteron Bombardment* 


K.-H. Sun, D. Harris, F. A. Pecjak, AND B. JENNINGS 
Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 
AND 
A. J. ALLEN AND J. F. Necuayj 
University of Pittsburgh, Pittsburgh, Pennsylvania 
(Received February 19, 1951) 


EASUREMENTS! have been made previously of the 

angular distribution and total yield of fast neutrons from 
various targets bombarded by 15-Mev deuterons and 30-Mev 
alpha-particles, in which the reaction S®(n, p)P® was used as a 
threshold detector responding to neutrons over 0.95 Mev. Further 
measurements have been made on the angular distribution of 
neutrons from 15-Mev deuterons on Be, using improved experi- 
mental arrangements and higher energy neutron threshold 
detectors. 

These new threshold detectors made use of the reactions 
AF"(n, a)Na™, Ta!*\(n, 2n)Ta!®™, and F'%(n, 2n)F'® with neutron 
thresholds at 2.4 Mev, 7.7 Mev,? and 10.8 Mev, respectively. The 
higher thresholds automatically reduce the effective thickness of 
target. 

The experimental arrangement is shown in Fig. 1. Ribbons 
(#-in. wide) of 0.0003-in. Al, 0.00025-in. Ta, and 0.006-in. Teflon, 
(CF:2),, were simultaneously placed in a holder at a radius of 3.9 
cm from the Be target. The activities of these foils were measured 
after bombardment as a function of angle, and thus yield informa- 
tion on the angular distribution of neutrons of energy above the 
threshold of the individual detectors. To eliminate the possibility 
of any activity being caused by deuterons scattered from the 
cyclotron beam, a lead shield was placed around the target. The 
effect of this shield and of the cooling water in the Be target on the 
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Fic. 1. Arrangement for angular measurement of neutrons above 7.7 and 
10.3 Mev from deuteron bombardment. 








neutron distribution were found to be negligible. Two ribbons of 
each detector material were used to prevent recoil contamination. 
After bombardment, the foils were cut in segments corresponding 
to angles of from 2° to 5° and counted in an end window Geiger 
counter. The counts were always recorded with respect to a UX: 
standard. One hour after bombardment, the activities in Ta and 
Teflon were found to be those expected, namely, Ta and F"* with 
observed half-lives 8.2 hr and 112 min, respectively. The activities 
from C in Teflon were short lived and did not interfere. A small 
amount of the 115-day Ta'® activity, about 1 percent of that of 
Ta! in the forward direction and independent of angular location, 
was also observed and attributed to the presence of a relatively 
uniform slow neutron flux. A similar 15.1-hr Na™ activity due to 
Na impurities in Teflon, with an intensity about 0.1 percent of 
that of F’8 in the forward direction, was also noticed. These 
activities were easily corrected for. For Al?"(n, a) Na™ detector, the 
activities of the relatively long-lived Na™ were measured the day 
after bombardment when the 15.1-hr half-life was clearly observed. 

The results were corrected for decay time and normalized with 
respect to the activities in the forward directions for Al- and Ta- 


detectors and to one of the two peak-activities for F-detector. The ° 


results are shown in Fig. 2. Figure 2 is a polar plot of all data, 
including the early ones with S-detector.' All angles are in labora- 
tory coordinates. For each detector about 80 experimental points 
were obtained covering angular regions up to +160°. Although 
only the points for F-detector are shown, those for other detectors 
fall on the curves very well and are omitted from the figure to 
avoid confusion. The Geiger counter counts extrapolated to the 
time immediately after a 1}-hr bombardment were 4.2, 2.1, and 
1.5 c/sec/wa-hr deuterons/mg of Al, Ta, and (CF2),, respectively, 
for the detectors located at 0° and 3.9 cm from the Be target. 
These were due to radioactivities from Na™, Ta’, and F"*, re- 
spectively. The same Geiger counter gave, on the average, 100 
ct/sec for a UX; standard which is known to disintegrate at a rate 
of 640/sec. 

As shown in Fig. 2 the shape of the angular distributions for Al- 
and Ta-detectors is similar to that of S-detectors. For the F- 
detector, the double peaks are clearly resolved. Some indications 
of multi-peak effect were noted previously with detectors placed 
at a great distance from the target. Falk* observed this same effect 
with a proton recoil telescope. Ammiraju,* however, found only a 
single peak for neutrons from a thick Be target bombarded 
with 18-Mev deuterons using the 11-Mev threshold detector, 
Cu®(n, 2n)Cu™. This may be due either to the poor angular 
resolution of his detector or to higher bombarding deuteron energy. 
Preliminary results using Cu%*(, 2n)Cu“, which has a neutron 
threshold of 10.3 Mev, also indicated the presence of double peaks. 

Since the neutrons from Be(d, 2n)B* have energy less than 8 
Mev for 15-Mev deuterons, they are not detected by Ta- and 
F-detectors. It may be pointed out that the cross sections for the 
detecting reactions, (m, 2m), (m,a), and (m, p), vary with im- 
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Fic. 2. Relative angular yield of fast neutrons from 15-Mev deuterons on a 
thick beryllium target. 


pinging neutron energies. This is a drawback in the present ex- 
periment, in addition to the use of a thick target. The multiple- 
peak effect has been found in a clear-cut experiment on (d, p) 
reactions involving single quantum states by Burrows, Gibson, and 
Rotblat§ and Holt and Young,* and has been interpreted by 
Butler.’ The latter treated the (¢, p) and (d,m) reactions as a 
stripping process and related the angular peaks to the spins and 
parities of the target and product nuclei. It is not unlikely that the 
double peaks noted here may be ultimately connected with the 
same cause suggested by Butler. 


* Assisted by the joint program of the ONR and AEC 

1 Allen, Nechaj, Sun, and a. Phys. Rev. 81, 536 (1951). 

2 McElhinney, Hanson, Becker, niffieldl. ‘and Diven, Phys. Rev. 75, 542 
(1949). 

*C. E. Falk, Carnegie Institute of Technology thesis, July, 1950, 

‘Pp. Ammiraju, Phys. Rev. 76, 1421 (1949). 

5 Burrows, Gibson, and Rotbiat, Phys, Rev. 80, 1095 (1950). 

sj. > Holt and C. T. Young, Proc. Ph: ys. Soc. (London) 63, 833 (1950). 

7S. T. Butler, Phys. Rev. 80, 1095 (1950). 


Excitation Function of C'(a, p)N'’* 
K.-H. Sun, B. Jennincs, anp W. E. SHourr 
Westinghouse Electric Corporation, East Pittsburgh, Pennsylvania 
AND 
A. J. ALLEN 
University of Pittsburgh, Pittsburgh, Pennsylvania 
(Received March 5, 1951) 


MMEDIATELY after the California group’ discovered the 

delayed neutron emitter N"’ by bombarding neighborhood- 
elements above oxygen with 195-Mev deuterons, the present 
authors? were able to induce the same activity by the reaction 
C'(a, p)N"’, using alphas from a low energy cyclotron. Since then, 
Alvarez* and Hayward‘ have determined the energy relationship 
in the 8-—mn decay process of N"’, and Charpie, Sun, Jennings, 
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Fic. 1, Experimental arrangement for the excitation study of C“(a, »)N”. 
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and Nechaj® and Sher, Halpern, and Stephens® have found new 
reactions for its production. 

The excitation function of the reaction C“(a, p)N" was meas- 
ured by monitoring the delayed neutrons, emitted by the product 
nuclide N", at various alpha-energies. The variation in alpha- 
energies was achieved by inserting 0.0005-in. aluminum foils in 
the cyclotron beam. The energy values were obtained by measuring 
the ranges in air. The experimental setup is shown in Fig. 1. The 
neutron counts determined as a function of time exhibited a half- 
life of 4.6--1 sec. The counts in 20 seconds immediately after the 
bombardment (0.02 wamp and 30 sec), which included practically 
all the available counts, were recorded and plotted against the 
energy of the bombarding alphas. The result is shown in Fig. 2. 


$00, 


g 


IMMEDIATELY AFTER BOMBARDMENT 





DELAYED NEUTRON COUNTS IN 20 SECONDS 
° 
o 























8 20 22 24 28 0 
ENERGY OF a— BEAM, MEV. 


Fic. 2. Relative excitation function of C'(a, p)N". 
The threshold of the reaction, based on data from Alvaree’s work,’ 
should be 12.4 Mev. It was not possible for us to determine this 
threshold experimentally because of the slow increase in the yield 
due to the potential barrier for the outgoing protons, and because 
of the presence of a moderate neutron background. The decrease 
in yield after 27 Mev is probably due to the competing reaction 
C(a, 3n)O"* which sets in at an alpha-threshold of about 27.6 
Mev. The cross section of the C'(a, p)N" for 27-Mev alpha- 
particles was estimated to be about 6X 10-** cm’. 

* Assisted by the joint program of the ONR and AEC. 

1 Knable, Lawrence, Leith, Moyer, and Thornton; Chupp and McMillan; 
L. W. Alvarez; Phys. Rev. 74, 1217 (1948). 

? Sun, Jennings, Shoupp, and Allen, Phys. Rev. 75, 1302 (1949). 

*L. W. Alvarez, Phys. Rev. 75, 1127 (1949). 

‘ E. Hayward, Phys. Rev. 75, 917 (1949). 


* Charpie, Sun, Jennings, and Nechaj, Phys. Rev. 76, 1255 (1949 
* Sher, Halpern, and Stephens, Phys. Rev. 79, 241 (1950). 


Nuclear Magnetic Moments and Similarity between 
Neutron and Proton States in the Nucleus* 


A. L. ScHAwLow anD C. H. Townes 
Columbia University, New York, New York 
(Received March 2, 1951) 


HE single particle model of nuclear moments assumes that 

all nucleons except the last odd particle are paired and that 
the spin and magnetic moment are due to this particle only. Actual 
nuclei have magnetic moments lying between the Schmidt limits 
given by the extreme single particle model, but usually near 
enough to one limit so that the state of the odd particle can be 
assigned. 

It is well known that for light atoms the mth proton usually 
occupies the same angular momentum state in the nucleus as the 
nth neutron. In fact, the spin of the nucleus having » odd protons 
(and an even number of neutrons) is the same as that of the 
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Fic, 1, Comparison of magnetic moments of odd-proton and odd-neutron 
nuclei. The upper line represents the Schmidt limit J =1 +4 for either neu- 
trons or protons, and the lower line the Schmidt limit for 7 =! —4. Ordinate 
for a nucleus of spin J and magnetic moment yu is (4 —#1-4)(#i44 —#1-4), 
where #144 and #14 are the magnetic moments for the two Schmidt limits 
and for the appropriate spin J. Ordinates are therefore the fractional 
distance from the / =1—} Schmidt limit. Numbers beside points are the 
number of odd particles in the nuclei. Cases with equal numbers of odd 
protons or odd neutrons. are bracketed. 


nucleus with # odd neutrons in every case up to m=41 with the 
sole exception of the 0", F* pair.' The values of the magnetic 
moments of the odd proton and odd neutron nuclei indicate a still 
closer similarity between neutron and proton wave functions, If 
the deviation from the Schmidt limits is caused by an admixture 
of the two states with the same J (J=/+}4, J=l—}) and if the 
proton and neutron wave functions are very similar, the mixture 
should be the same for the two cases. Then, the moments may be 
expected to lie at the same fractional distance between the ap- 
propriate 7=/+ 4 and J=/—}4 Schmidt limits. Thus, if the value 
of the moment of a certain odd proton nucleus places it 10 percent 
of the distance from its /+ 4 limit, the corresponding odd neutron 
nucleus will have a moment lying about 10 percent of the distance 
from its /+-4 limit to the /—} limit. Some other* explanations of 
deviations from the Schmidt limits should give essentially the 
same behavior as long as neutron and proton wave functions are 
very similar. 

Figure 1 shows the extent of agreement with these expectations. 
The upper horizontal line represents the Schmidt limit for the 
magnetic moment of an odd proton or odd neutron nucleus for 
I=I+4, and the lower one for 7=/—}. The ordinate is the 
fractional distance from the /—4 Schmidt limit. It may be seen 
that odd neutron and odd proton nuclei of a given number of odd 
particles fall very close together on this diagram, as expected, 
indicating a close similarity of wave functions. The worst devia- 
tions are for n=5, which corresponds to Be® and B" and hence to a 
rather large fractional difference in nuclear size, and for n=49, 


Taste I, Predicted nuclear magnetic moments. Nuclear spins which have 
not been definitely established are in parentheses. 
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where coulomb forces probably are of importance. Other points in 
Fig. 1 represent odd proton nuclei for which the corresponding odd 
neutron nuclei have not yet been measured. The moments of 
these odd neutron nuclei may then be predicted with some as- 
surance to lie near those for the corresponding odd proton nuclei. 

On this basis predictions of magnetic moments of odd neutron 
nuclei are given in Table I. Judging from the deviations in Fig. 1, 
the accuracy of these predictions should be approximately +0.1 
nuclear magneton. 

All nuclear moments used in Fig. 1 and Table I are taken from 
Mack’s review article,’ except S® and Mg** which are from more 
recent publications.** 

Considerations of this general type are probably not new, but it 
seems worthwhile to examine the agreement with experiment now 
that some odd neutron nuclei moments are being measured. The 
predicted values may be of use in searching for unknown moments 
by the nuclear induction method. 

* Work supported by the AEC. 

' The OW spin is 5/2 according to F. Alder and F. C. Yu, Phys. Rev. 81, 
1066 (1951). A spin of 5/2 is also indicated by recent work at Columbia 
U niversity. 

? A. Bohr, Phys. Rev. 81, 134 (1951). 

3J. E. Mack, Revs. Modern Phys. 22, 64 (1950). 

‘ Eshbach, Hillger, and Jen, Phys. a, 80, 1106 (1950). 

® We are grateful to F. Alder and F. C. Yu for communicating their value 


of the Mg* moment to us before publication. This value is consistent with, 
but more precise than, the spectroscopic value quoted by Mack. 


The Magnetization Process in Ferrites 


J. J. Went anv H. P. J. Win 
Philips Research iho s, N. V. hee ae Gloeilam penfabrieken, 
Eindhoven, Netherland. 
(Received February 19, 1981) 


T is known how the initial permeability yw» of ferrites’ changes 
with frequency :* yo is constant at relatively low frequencies 
and drops to very low values in a frequency range where resonance 
phenomena take place. Snoek ascribes this drop to the resonance of 
the magnetic spins caused by the rf magnetic field in the constant 
internal anisotropy fields. A close reiationship between the value 
of this resonance frequency and the expected strength of the 
internal anisotropy fields, as deduced from the value of the initial 
permeability, has been well proven.’ In Snoek’s theory, it is 
assumed that the magnetization of ferrites in a small external 
field is caused by the simultaneous rotation of the electron spins, 
and not by the reversible Bloch-wall displacements, which are 
believed to be the cause of the magnetization of ferromagnetic 
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Fic, 1, Initial magnetization curve of ferrite I as a function of frequency. 
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Taste I. Composition of ferrites. 
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metals in small fields.‘ Therefore, we wish to draw attention 
to some experiments we performed which shed some light on the 
magnetization process of ferrites, also at higher inductions. 

The initial magnetization curve of some ferrites has been 
measured as a function of frequency by applying a sinusoidal 
magnetic field of amplitude Hmax to a toroidal ferrite core with a 
rectangular cross section. The maximum of the nonsinusoidal 
induction Bmax in the core has been determined from the emf 
induced in a second winding on the core and rectified by a Gratz 
circuit. Precautions were taken to avoid partial short-circuiting 
of the primary and the secondary of the transformer. 

For the manganese-ferrous-ferrite I (see Table I), Fig. 1 shows 
the behavior of the initial magnetization curve as a function of 
frequency. All ferrites with a high permeability have similar 
frequency-dependent magnetization curves. From Fig. 1 it is 
clear that here we have two different magnetization processes. 
The first, which is independent of frequency below the gyro- 
magnetic resonance frequency, determines yo, while for field 
strengths approximately equal to the coercive force the other 
gives an additional magnetization which already disappears for a 
frequency below the gyromagnetic resonance frequency of the 
ferrite (see the straight line B=yoH for the magnetization curve 
of ferrite I at 626 kc/sec). The frequency-dependence of the latter 
process can be described with a single relaxation time. 

Another fact seems to give an indication of the kind of mag- 
netization process involved. When two ferrites of about the same 
composition (ITA and IIB, see Table I) are fired at 1200°C and 
1400°C, respectively, the magnetization curves are very different 
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Fic, 2. Initial magnetiza- 
curves of ferrites IIA 
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(Figs. 2a and 2b). The additional magnetization of the ferrite 
ITB is frequency-dependent, similar to that of ferrite I. 

Distortion measurements have also been carried out on trans- 
formers having these ferrite cores. The distortion gradually de- 
creases with frequency and reaches zero at the frequency where B 
is a linear function of H. 

From these results it is concluded that in ferrites with a high 
permeability, at magnetic field strengths of about H., an additional 
magnetization process occurs which (a) is frequency-dependent 
already below the gyromagnetic resonance frequency, (b) takes 
place at a lower field strength as the density of the ferrite is 
greater, (c) is irreversible (since Rayleigh’s law holds in small 
fields). 

The initial permeability and the permeability at high fre- 
quencies, which is independent of the field strength, are, in our 
opinion, related to a pure rotational process. In contrast to the 
magnetization process giving rise to the above-mentioned perme- 
abilities, the additional process is to be ascribed to irreversible 
Bloch-wall displacements in the ferrite. These results are contra- 
dictory to the conclusions reached by Rado et al., that the initial 
permeability of ferrites is determined by reversible Bloch-wall 
displacements. A detailed paper on these experiments will be 
published shortly.* 

1 See J. L. Snoek, New Developments in Ferromagnetic Materials (Amster- 
dam, New York, 1947). 

zy. L. Snoek, Physica 14, 207 (1948). 

+ D. Polder, Proc. Inst. Elec. Engrs. 97, II, 246 (1950). 

‘C. Kittel, Revs. Modern Phys. 21, 541 (1949). 


* Rado, Wright, and Emerson, Phys. Rev. 80, 273 (1950). 
*J. J. Went and H. P. J. Wijn, Physica, te be published. 


Cross Section for the Reaction C!*(y, n)C" 


R. N. H. Hastam, H. E. Jouns, anp R. J. Horsiey 


Department of Physics, University of Saskatchewan, 
Saskatoon, Saskatchewan, Canada 


(Received March 5, 1951) 


HE cross-section curve for the reaction C!*(-y, n)C" has been 

determined by Baldwin and Klaiber.! However, in view of 
the discrepancy in the results obtained by these authors and the 
workers in our laboratory* for the reaction Cu™(y, 2)Cu®, the 
carbon cross section has been redetermined. 

Carbon disks, 1.5 cm in diameter and 1.27 mm thick, were 
irradiated in a cavity in a Lucite block. The dose was monitored 
by an “r’”’ meter placed in the same position. The resulting 20.6- 
min activity was counted in a fixed geometry. Figure 1 shows the 
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Fic. 1. Saturated specific activity in disintegrations per gram per 100 r 
as a function of maximum betatron energy, for the reaction C"(y, #)C™. 
Corrections for geometry, etc., have been applied. 
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FiG. 2. Self-absorption curve for the positron activity of C#. 


saturated specific activity as a function of maximum betatron 
energy. Corrections for back-scattering, self-absorption, isotopic 
abundance, and geometry have been applied. The threshold for 
this reaction, assumed at 18.7 Mev,** has been used as a calibra- 
tion point for the betatron energy scale. No attempt has been 
made to show the portion of the activity curve between 18.7 and 
20 Mev, although the contribution of this portion has been con- 
sidered in the cross-section determination. The experimental 
points on the activity curve represented by circles were determined 
with the integrator circuit previously reported.? The points 
marked with a cross were determined by the betatron panel meter. 
The two sets of results were brought into agreement by deter- 
mining overlapping activity curves in the region 22 to 24 Mev. 

As a check on some of the corrections applied in finding the 
saturated specific activity of carbon, copper and carbon samples 
were irradiated simultaneously at 23.5 Mev and counted in the 
same geometry. In determining the carbon activity, use was 
made of the results previously reported for copper* (lowered by 
10 percent in agreement with more recent determinations). This 
latter method yielded a value for the saturated specific activity of 
carbon 5 percent higher than is reported here. This agreement is 
very satisfactory when one considers the possible errors involved. 

The saturated specific activity curve has been used to determine 
the neutron yield at 22 Mev. The value obtained, 7.5x10* 
neutrons/mole/r, is in good agreement with the value 6.7 X 10° 
obtained by Price and Kerst.® 
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Fic. 3. Cross section »s energy curve for C!%(y,)C'l, The dotted 


curve shows the shape of the corresponding curve for C!(y, p)B" 
(reference 12), 
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Figure 2 is a self-absorption curve for the positron activity 
of C™. Filter paper was used as a source of carbon for the points 
corresponding to small thickness (solid squares). The neglect of 
the bending-over of the curve would have led to an error of 20 
percent in determining the activity at zero sample thickness. 
Similar, though larger, corrections were required for copper. 

In Fig. 3 is shown the cross-section curve obtained from the 
activity curve by the method of analysis previously reported.* 
The cross-section curve has a peak value of 11.6 millibarns at 
22.4+0.5 Mev. The width at half-maximum is 4.25 Mev, and the 
integrated cross section is 0.047 Mev-barn. The ratio of the 
integrated cross sections of Cu™(y, »)Cu® ** and C!*(y, )C™ is 
0.63/0.047 = 13.4. This is in satisfactory agreement with ratios of 
the yields of these reactions produced by betatron x-rays of 
maximum energy 50 and 100 Mev (15.2, 14.4, respectively),’ and 
also with the ratio 14 given by Helmholz and Strauch* for 335-Mev 
x-rays. This would be expected if the cross sections for these 
reactions were negligible above 50 Mev. Our value of 0.047 Mev- 
barn for the integrated cross section is considerably lower than 
that obtained by Lawson and Perlman,* who, however, assumed a 
sharp resonance occurring at approximately 30 Mev.! 

The average energy for the x-rays producing the C!*(y, »)C™ 
reaction, as obtained from absorption coefficient measurements, 
is given as 22.1+1.5 Mev by Koch, McElhinney, and Cunning- 
ham” and 25.341.5 Mev by Marshall."! Although the peak of 
our cross-section curve lies at 22.4 Mev, the median ordinate lies 
at 23.5 Mev, and this probably corresponds more closely to the 
“average” photon energy obtained by the above authors. 

The dotted curve of Fig. 3 shows the shape of the cross-section 
curve for the (y, ) reaction in the same nuclide, as determined 
by Mann and Halpern." It has been normalized to their minimum 
peak value of 1X10-** cm?. It is interesting to note that the 
maxima of the two curves occur at nearly the same energy. 

The authors wish to thank Mr. A. Quinton for his assistance 
with many of the measurements involved. This work is supported 
by grants from the National Research Council and the National 
Cancer Institute of Canada. One of the authors (R.J.H.) is in- 
debted to the Ontario Research Council for financial assistance. 
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Photoneutron Cross Sections of Fe*‘, Ni**, and Zn" 


L. Katz, H. E. Jouns, R. G. Baker, R. N. H. Hastam, 
AND R. A. DouGLas 


Betatron Group, University of Saskatchewan, Saskatoon, 
Sas n, Canada 


(Received March 5, 1951) 


HE photoneutron cross sections of Fe*, Ni®*, and Zn“ have 
been investigated in this laboratory with the method out- 
lined by the authors in an earlier paper.' The cross section versus 
energy curves are shown in Fig. 1, and the pertinent results are 
summarized in Table I. The threshold for the reaction in, iron 
was also checked and was found to be in good agreement with 
values previously reported. Corrections to the observed activity 
for K capture amounted to 7 percent in the case of Zn™,* 100 per- 
cent in the case of Ni®*,? and 3 percent in the case of Fe. The last 
correction was estimated from the theoretical curves of Feenberg 
and Trigg,‘ assuming the transition to be allowed. 
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Fic. 1, Cross sections of Fe*, Ni, Zn™ od (y, *) reactions 
as a function of energy. 


An examination of all published (y, #), (y, ~), and (y, d) cross 
sections would seem to indicate considerable similarity among 
them. For example, they all have half-widths of about 6 Mev, and 
their maximum cross sections, as previously pointed out by Katz 
and Penfold,’ occur about 6 Mev above the threshold (see also 
Table II). Fluctuations from this value are generally less than 
1.5 Mev. Cameron® analyzes the published neutron yield data on 
the basis of this similarity to obtain some interesting results. In 
addition, we would like to draw attention to the shape of the 
Fe*(y, n)Fe® and C(y, #)C™ curves. (See Haslam ef al.’ for 


TABLE I, Photoneutron cross-section data. 








Integrated 


Parent 


Threshold 
isotope Mev 





Fe* 13.7 40.2 
Nids 
Zn 








the latter curve.) These cross sections rise more steeply than the 
other curves; and after passing through a maximum value, they 
drop off relatively slowly, resulting in a long tail. We might infer 
from the behavior of these two isotopes that the relative position 
of the cross-section maximum and the threshold are not necessarily 


TaBLeE II. Summary of photoneutron cross-section data. 








Energy of 
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Cy, nC 


* 
t 
© 
vy 
d 


Sb"41(7, 2)Sb'™ 
Sh!8(y, »)Sb'? 
Ta™(y, n)Ta™ 
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Average 6.0 








* Reference 7. 

> A. K. Mann and J. Halpern, Phys. Rev. 80, 470 (1950). 
© To be published. 

4 Reference - 

e wy 

' B. CDiven and G. M. Almy, Phys. Rev. 80, 407 (1950). 
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related; though as indicated, they generally fall about 6 Mev 


apart. 

It is to be noted that sFe* has the “magic” number of 28 
neutrons and Ni®* the “magic” number of 28 protons. The 
neutron yield per mole per roentgen for the 6 percent Fe* isotope 
is found to be about 3/5 of that obtained by Price and Kerst*® 
(Table III). Nickel, on the other hand, which is “magic” in all 


TABLE III. Photoneutron yields. 








Neutrons/mole/roentgen 


Present work indicated Price and Kerst 
isotope only natural element 


1.01 X10¢ 
1.12 X10¢ 
2.82 X10 





2.35 K108 








isotopes, is found to give the same yield, within experimental 
error, for the 68 percent isotope Ni®* as for the natural element. 
We find about 20 percent more neutron yield from the 50 percent 
isotope Zn“ than Price and Kerst found for the natural element. 
This difference may still be within the combined experimental 
error. These measurements substantiate the neutron yield from 
nickel found by Price and Kerst, which was about one-half of that 
from the other elements in this region of the periodic table. 

The absolute neutron yields are based on a maximum cross 
section for Cu® of 0.10 barn. This value is 10 percent less than 
our previously published result’ and is believed to be more 


accurate. 
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uted * denon icog-vendl cross-section curves for several (+, #)re- 
actions have recently been determined by activation 
measurements in this laboratory.'~* These resonances are of the 
type predicted for nuclear dipole transitions by Goldhaber and 
Teller and by Levinger and Bethe.’ The curves are so similar in 
relative shape (except for Fe and C'*, which rise steeply owing 
to high (y, 2) thresholds) that it is possible to use their average 
cross-section shape in an analysis of the photoneutron yields 
obtained for 53 elements by Price and Kerst.® 


Taare I, Characteristics of (y, ») cross-section curves. 











Energy of Half- 
maximum En-Q Maximume width 
Reaction M Mev* barn Mev 


P%(y, 2)P™ 
Ni®(y, #)Ni® 
Cu®(y, #)Cu® 
Zn™(y, n)Zn® 
Sb!2!(y, #)Sb!” 
Sb!8(y, »)Sb!™ 
Ta™(y, 2)Ta™ 
Average 
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0.017 
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0.34 
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* Energy of peak maximum above threshold. 

> A 10 percent correction has been applied to the values of reference 1. 

° This is not the mean of the above values, because the shape averaging 
was carried out vertically rather than horizontally. 
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Fic. 1. Ratio of photoneutron yields with 18- and 22-Mev x-rays. 


The essential characteristics of the cross-section curves are 
shown in Table I. An average of the curves was obtained by 
normalizing them at their peaks in arbitrary cross-section and 
energy position. 

Steinwedel e al.’ predict that the resonance peak energies 
should vary as A~/*, whereas Goldhaber and Teller predict a 
variation as A~*, With the peak position data of Table I and the 
values for (7, #) reactions in Cu®* (19.0 Mev), Fe (18.5 Mev),* 
Ag’ (16.5 Mev),® Al?’ (19.6 Mev),® and C!* (22.4 Mev),'® the 
best fit to the above type of relationship is 

En=36A~°-'8, (1) 
where E,, is the peak energy in Mev. This favors the prediction 
of Goldhaber and Teller. However, the empirical relationship 


Em = 21.5 exp(—0.00274A) (2) 


fits the data much better and has been used in the following con- 
siderations. 

With the peak energies as calculated from Eq. (2), the average 
cross-section shape as determined above, and the Schiff x-ray 
spectrum,! the ratio of photoneutron yields for 18 and 22 Mev 
x-rays was calculated as a function of atomic number. This is 
plotted as the broken line in Fig. 1. The crosses are the activation 
ratios which fundamentally determine the curve. The data of 
Price and Kerst are also plotted in this figure, and the solid curve 
is the empirical fit to their points. Elements with one or many 
isotopes are represented, respectively, by solid squares or solid 
circles. Both types of points fit the empirical curve equally well, 
indicating that the resonance peak energies for the isotopes in a 
given element are not appreciably different. 

Figure 1 shows that above Z=30 there are more neutrons at 
22 Mev than can be accounted for from (y,m) reactions. From 
threshold considerations these neutrons can only arise from 
(y, 2m) and (y, pm) reactions. The ratio of the broken to the solid 
curve diverges from unity at Z=30 and reaches a fairly constant 
value of 1.22 at Z=S0. This indicates that the resonance peak 
energy for (y, 2m) and (vy, pm) reactions falls below 22 Mev at 
about Z=40. Since there are fewer photons at this peak than at 
the (y, ) peak, it may be estimated that the sum of the (7, 2m) 
and (y, pm) integrated cross sections is of the order of 30 percent 
of that for (y,) reactions (assuming equal contributions from 
each multiple reaction). 

With the above assumptions as to peak shape and energy, the 
maximum and integrated (y,m) cross sections were computed 
directly from the photoneutron yield data. The 22-Mev data were 
used up to Z=30; beyond that, the 18-Mev data were used so as 
to minimize the contribution from multiple reactions. For the 
average resonance curve, the integrated cross section (Mev-barns) 
is related to the peak cross section o» (barns) by the expression 


Jf oyndW =6.050 m. (3) 


These quantities are plotted to relative scales in Fig. 2 as a func- 
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atomic number. The curve is derived from photoneutron yields; the points 
are independent activation measurements of the integrated cross section. 








tion of atomic number. Since the absolute cross-section values of 
Table I were not used in the computation of the average shape, 
these points and the other values from references 1, 3, and 8 are 
plotted in Fig. 2 and constitute a satisfactory independent check 
on the general curve. 

Only one (7, pm) and no (y, 2m) reactions have yet been investi- 
gated in detail. The integrated cross section for S**(y, pm)P® is 
0.003 Mev-barns,? or 2 percent of the integrated (y,m) cross 
sections in that region of the periodic table. This may indicate 
that (y, 2m) reactions are more important than (y, pm) reactions, 
or that the extra neutron yields are much less in light elements. 

I am indebted to Dr. L. Katz for valuable discussions. 


1 Johns, Katz, Douglas, and Haslam, Phys. Rev. . a (1950). 

?L. Katz and A. S, Penfold, Phys. Rev. 81, 815 (1951). 

3 Katz, Johns, Baker, Haslam, and Douglas, Phys. gk 82, 271 (1951). 
4M. Goldhaber and E. Teller, Phys. Rev. 74, 1046 (1948). 

5 J. S. Levinger and H. A. Bethe, Phys. Rev. 78, is. = 

*G. A. Price and D. W. Kerst, Phys. Rev. 77, 806 (1950 

7 Steinwedel, Jensen, and Jensen, Phys. Rev. 79, 1019 1980). 

* B. C, Diven and G. M. Almy, Phys. Rev. 80, 407 (1950). 


® Recently measured in this laboratory. 
© Haslam, Johns, and Horsley, Phys. Rev. 82, 270 (1951). 


New Superconducting Borides and Nitrides 


J. K. Hutm anp B, T. Matraias* 
Institute for the Study of Metals, University of Chicago, 
Chicago, Illinois 
(Received March 5, 1951) 


HE pronounced metallic character of many borides, carbides, 

and nitrides of the transition metals is evident from the fact 

that the electrical resistivity of these compounds has a positive 
temperature coefficient in the neighborhood of room temperature 
and is, in several cases, less than the resistivity of the constituent 
metal.! Meissner* found that many of these compounds show 
superconducting behavior, the carbides of molybdenum and 
tungsten being of special interest in this respect, since the metals 
themselves appear to be nonsuperconducting down to very low 
temperatures (<1°K). A knowledge of the extent to which such 
apparently nonsuperconducting elements form superconducting 
compounds is obviously important for a satisfactory theory of 
superconductivity; but, on reviewing the available data against 
the general background of the periodic system, one is struck by 
the large number of interesting compounds which have so far 
not been tested, little having been done since the pioneer work of 
Meissner. This situation led us to embark some time ago on an 
experimental survey of metallic compounds, the object being to 
throw more light on the chemical and structural conditions govern- 
ing the occurrence of superconductivity. We have adopted a 
magnetic detection method, which, as pointed out by Shoenberg,* 
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TaBLe I. Experimental results. Superconducting compounds are shown 
in boldface type together with their transition tem tures. The numbers 
in parentheses represent the lowest temperatures of measurement for those 
compounds which did not become superconducting. 








Nb Ta Mo 


MoB 4.4° 
MosBs (1.32°) 





TaB (1,29°) 
TasBs (1.30°) 
TaBs (1.32°) 


TaN (1.88°)* 
TasN (9.5°)» 


NbB 6° 
NbsBs (1,27°) 
NbBs (1.27°) 


NbN 14.7°% 
NbN (9.5°) 


Mo:N 5° 
MoN 12.0° 








* See reference 7. 


provides a direct measure of the amount of superconducting 
material present, and avoids the difficulty occurring in electrical 
resistance measurements that a small quantity of superconducting 
impurity may shunt the bulk of the specimen, thus producing a 
large but spurious effect. Although we have so far examined only 
about 60 semimetallic and intermetallic compounds down to 
1.3°K, it seems worthwhile to describe 4 new superconductors 
which have recently been found in the boride and nitride groups 

Superconductivity was observed in the monoborides of niobium 
and molybdenum, with the transition temperatures‘ shown in the 
first row of Table I. X-ray analyses for these compounds and also 
for other borides which did not become superconducting down to 
the lowest temperatures of measurement (shown in parentheses 
in Table I) were in good agreement with the recent structural 
data of Kiessling,» who found NbB orthorhombic and MoB 
tetragonal. It is interesting to note that the only other previously 
reported superconducting boride, ZrB, tested by Meissner? in 
electrical resistance measurements, is, according to Kiessling, 
nonexistent. The latter evidence, coupled with the uncertainty of 
the resistance method, throws considerable doubt on the super- 
conductivity of ZrB, so that NbB and MoB must be regarded as 
the only borides at present definitely known to be supercon- 
ducting. 

Superconductivity was also observed in two nitrides of molyb- 
denum, with the transition temperatures shown in the lower part 
of Table I. The x-ray analyses were in these cases in agreement 
with the results of Hagg,* who assigns a face-centered cubic 
structure (with N/2 missing) to Mo.N and a hexagonal lattice 
to MoN. In the preparation of Mo2N by nitriding molybdenum 
metal, the formation of some mononitride can hardly be avoided. 
The magnetization of a mixed specimen of about 85 percent 
Mow, 10 percent MoN, and 5 percent Mo is plotted against 
temperature in Fig. 1; and from the relative heights of the two 
plateau regions we conclude that while Mo,N becomes normal at 
about 5°K, MoN remains superconducting up to 12.0°K. In the 
latter, remarkably high transition temperature, which was studied 
in detail by surrounding the specimen with solid hydrogen, MoN 
is second only to NbN,’ a situation seen to be even more striking 
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in the light of Shoenberg’s® observation that molybdenum metal 
is itself nonsuperconducting down to 0.3°K. 

Measurements on compounds of other transition metals to- 
gether with details of preparations, analyses, and apparatus will 
be reported later. 

*On leave of absence from Bell Telephone Laboratories, Murray Hill, 
New Jersey. 

1K. Moers, Z. anorg. Chem. 198, 262 (1931). 

2 Meissner, Franz, and Westerhoff, Z. Physik 75, 521 (1932). 

3 D. Shoenberg, Nature 159, 303 (1947). 

‘ The transition temperature is taken to be the temperature at which 
the low field strength magnetization attains half its maximum value 
(e.g., dotted lines, Fig. 1); owing to poor thermal equilibrium, en 
between 4° and 10°K are at present known only to about one degree. 

* H. Kiessling, Acta Chemica Scandinavica 1, 893 (1947); 3, 90 and 603 
(1949), 

*G, Hagg, Z. Physik. Chem. B12, 33 (1931). 

7F. H. Horn and W. T. Ziegler, J. Am. Chem. Soc. 69, 2762 (1947); 
Aschermann, Friederich, Justi, and Kramer, Physik. Z. 42, 349 (1941). 
* D. Shoenberg, Proc. Cambridge Phil. Soc. 36, 84 (1940), 


The Beta-Spectrum of Cl* 


H. W. FuLsricut* anp J. C. D. Mitton 


Palmer Physical Laboratory, Princeton University, 
inceton, New Jerseyt 
(Received February 19, 1951) 


T was pointed out by Longmire, Wu, and Townes! that the 
Fermi theory of beta-decay fails to account for the D; shape 
of the Cl** beta-spectrum found by Wu and Feldman,? unless a 
mixture of interactions is assumed. The arguments were based 
upon the measured? spin of two for Cl**, and upon the assumption 
of a spin of zero for A**, It was shown that the observed spectrum 
could be accounted for by use of any one of three different mix- 
tures of interactions: (2S, 27); (2V, 27); or (2V, 2A). 
We have examined the Cl* beta-spectrum by use of a high 
pressure argon-filled proportional counter‘ and have obtained 
experimental results which disagree with those mentioned above. 





it ies 


CORRECTED BETA SPECTRUM 
OF CI 
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Fic. 1. Corrected beta-spectrum of Ci**, Curve (a) was obtained by use 
of the Cyr correction factor. Curve (b) was obtained when the Ds: correction 
factor was applied to the same data. The error symbols represent standard 
deviations. Resolving power corrections have been applied to the original 
data, but their chief effect is to raise the end point energy slightly. The 
average thickness of the finely divided KCl source used here was 1.2 
mg/cm*, The backing was 0.2-mg/cm!? Al foil. 
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The chief disagreement is at the low energy end of the spectrum, 
where we find fewer electrons, with the result that our points lie 
very near to a second forbidden tensor spectrum. (See Fig. 1.) 

The 27 spectrum involves contributions from two different 
matrix elements. In the terminology of Longmire, Wu, and 
Townes, 


C2r=a(T;;? shape) +6(A;;? shape) —c(7;;A i; shape), 


where a, 6, and c are real numbers, with 220, b20, c?<4ab. We 
have found a fit for c?=4ab and 6=25.73a. The quantities in 
parenthesis are defined exactly by Konopinski and Uhlenbeck.* 

The initial experiment has been repeated six times over a 
period of six months, with the proportional counter operating 
under various conditions, and with source thicknesses varying 
from 0.2 mg/cm? to 5.0 mg/cm?*; each of the distributions found 
agrees better with the 27 shape than with the D, shape. 

The samples of Cl** were obtained by a careful chemical separa- 
tion of chlorine from an Oak Ridge irradiation unit of KCl. The 
KCl was treated with concentrated sulfuric acid, and the HCl 
given off was collected and reconverted into KCl. This procedure 
should be quite effective in separating chlorine from any radio- 
active impurity expected to be present. The chief radioactivity in 
the raw unit was S*. Traces of S* in the final sample could not 
have affected our results seriously, because of the low (170-kev) 
energy limit of the S* beta-rays and because any ordinary radio- 
active impurity would have caused the intensity of the low energy 
end of the spectrum to be raised, not lowered. 

Our method, although relatively new, has faithfully reproduced 
a number of known spectra such as those of Y*! and Be’. (See 
Fig. 2.) (The Be’ and Cl** spectra shown here were obtained within 
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Fic. 2. Corrected beta-spectrum of Be!® for comparison with the Cl* 
spectrum. The plot of this De beta-spectrum is straight down to about 
1.3 mc*. BeO crystalline source of average thickness about 1.9 mg/cm? on 
0.2-mg/cm? Al foil. Coulomb corrections have been applied to both spectra. 


a few hours of each other under identical operating conditions.) 
We have acquired some confidence in its use, both from those 
results and from an analysis of its operation. A detailed description 
of the method will be published later. 

We conclude that it may well be possible to account for the 
shape of the Cl** beta-spectrum by means of a single interaction, 
2T (or 2V). 

We wish to acknowledge the interest of Professor R. E. Marshak 
in this work. We are indebted to Mrs. Elizabeth Karplus for the 
chemical separation of the chlorine sample. 

*|Now at the University of Rochester, Rochester, New York. 

t'This work was supported in part by the joint program of the ONR 
ge nr Wu, and Townes, Phys. Rev. 76, 695 (1949), 

*C. S. Wu. and L. Feldman, Phys. Rev. 76, 693 (1949), 

3C, H. Townes and L. C. one. Phys. Rev. 76, 691 (1949). 


4H. W. Fulbright and J. C. D. Milton, Phys. Rev. 76, 1271 veer 
+E. J. Konopinski and G. E, Uhlenbeck, Phys. Rev. 60, 315 (1941). 
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The Disintegration of As’ 
SiG JoHANsson, Yvette Caucnots,* AND Kal SIEGBAHN 
Nobel Institute of Physics, Stockholm, Sweden 
(Received February 23, 1951) 


HE 17.5-day activity of As” is known to emit positrons, 
negatrons and y-radiation.' Recently, Mei, Mitchell, and 
Huddleston? found that the negatron spectrum was complex, 
having the components E2~ max=0.82 Mev and E8;~ max=1.45 
Mev. The difference between the two 8 components (0.63) Mev 
did not agree with the observed y-energy (0.593+0.003 Mev), 
but this could possibly be explained from inaccuracies in the Fermi 
analysis. This circumstance, however, had also been observed in 
our laboratory together with the peculiar fact that not only the 
negatrons but also the positrons were accompanied by y-radiation, 
in spite of the fact that only one y-ray was known to exist. A de- 
tailed investigation of the disintegration was therefore performed. 
The 8 spectrum of the 17.5-day activity was found to be 
complex, the upper limits for the two components being 0.69 Mev 
(49 percent) and 1.36 Mev (S51 percent), respectively. In the 8* 
spectrum a new hard component (1.53 Mev) of small intensity 
(11 percent) was found besides the main component of 0.92 Mev 
(89 percent). B~y- and B*y-coincidence spectra were also run in 
the spectrometer and it was found that the two softer components 
were followed by y-radiation. The y-spectrum (lead converter) 
taken with moderate resolution is given in Fig. 1 (upper curve). 





Fic. 1. Photoelectron spectrum of As’. The lower curve was taken by 
means of the double-focusing spectrometer. 


The intensity of the y-line compared with the annihilation line is, 
however, far too great to be due to a transition from the soft 
8- component to the ground state in Se” as assumed before, but 
could instead be due to a transition from the soft 8+ component 
to the ground state in Ge”, A new run with increased resolving 
power by means of the double-focusing spectrometer was made, 
with the result given below in Fig. 1. The line split up into two 
lines, having the energies 0.5963+0.0010 Mev and 0.6352+-0.0010 
Mev, respectively, with the intensity ratio of 4:1. The small 
intensity line is certainly emitted in the 6~ decay and the high 
intensity line in the 6* decay. 

A disintegration scheme satisfying our data is presented in 
Fig. 2. By means of the measured intensities of the 6~ and ft 
components and the two y-lines the branching ratio of K-capture 
to 8+ for the excited level in Ge is calculated to be 1.5, in good 
agreement with the theoretical value of 1.3. 

The ft value of the hard 8~ component is 4X 10°, and the value 
of (Wo?—1)ft=0.5X10" brings this transition into the class of 
spectra of uniquely forbidden shape (AL=1; AJ =2) according to 
Shull and Feenberg.* The Fermi analysis accordingly shows that 
the original S-shaped curve is transformed into a straight line 
when the a-factor is introduced in the analysis. The ft value of 
the hard, faint 8+ component is 5X 108 and (W»?—1)ft=0.8X 10", 
which brings this transition into the same class of forbidden 


spectra. 
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Fic. 2. Disintegration scheme of As”. Energies are in Mev. The percentages 
own do not include the K-branches. 


The odd 33rd proton and the 41st neutron of the ground state 
in As™ may, according to the spin orbit coupling scheme of the 
nuclear shell model, be assumed to be in five and go: states, re- 
spectively. The angular momenta of the odd proton and neutron 
may then add to form a resultant angular momentum of 2-- -7, 
the state having odd parity. According to Nordheim‘ one should 
expect that the minimum resultant spin of 2 is preferred here, 
since the intrinsic spins of the odd particles have different orienta- 
tions relative to the orbital momenta. These rules agree with the 
present spin and parity assignment for the ground state of As" 
based on the 8-selection rule for the uniquely forbidden spectra 
and the fact that the end nuclei are of even-even type having 
even parity and zero spin. 

*On leave from Laboratoire de Chimie-Physique de la Faculté des 
Sciences de Paris, France. 

1 For a complete list of references see G. T. Seaborg and I. Perlman, 
Revs. Modern Phys. 20, 585 (1948). 

2 Mei, Mitchell, and Huddleston, Phys. Rev. 79, 19 (1950), 


*F. Shull and E. Feenberg, Phys. Rev. 75, 1768 (1949). 


4L. Nordheim, Phys. Rev. 78, 294 (1950). 


Retarded Nuclear Interaction 
S. T. Ma 


Institute for Nuclear Studies, University of Chicago, Chicago, Illinois 
(Received March 2, 1951) 


HE canonical transformation applied by Van Hove! to the 

pseudoscalar meson theory yields, for pure pseudoscalar 
coupling, the following interaction between a proton and a neutron 
in an arbitrary coordinate system: 


HA nyn2z,mym2 = — $f? xn (1) forxxmi( 1) xn2(2) torxme(2) 


1 1 } 
ois aap Ls 


where 
AE;=En,—Em (i=1, 2). 


Like Mgller’s formula for the electrons, (1) involves only Lorentz- 
invariant quantities, and it is tempting to take it as the potential 
energy of two nucleons in the energy-momentum space. The 
presence of the recoil energies in the denominators accounts for 
the retardation of the meson field. The usual way of dealing with 
the retarded interaction is the method of the lagrange expansion. 
The first approximation corresponds to the Yukawa potential 
exp(—yr)/r. The second approximation has been evaluated by 
Toyoda.” For distances comparable with 1/, the result turns out 
to be of the same order of magnitude as the first approximation. 
For this reason it is desirable to treat (1) exactly without resorting 
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to expansion. This can be done by working with the energy- 
momentum representation. 

An interaction similar to (1) has been derived by Matthews? 
from the Tomonaga-Schwinger formalism. Integrating Matthews’ 
result over a hyperplane perpendicular to the time-axis, we find 


Hp;'p2’ pipe = — $f?(24)*Wo1'(1) “peregeey toap2(2) 


xexp| ian +aB]{ ERE ‘oat (2) 


where the y’s are creation or destruction operators for the nucleons 
as defined by Watson and Lepore.‘ The essential difference 
between (1) and (2) is that the x’s are c-number column-matrices 
and the y’s are g-number column-matrices. For a direct transition 
between states in which the nucleons have positive energies, 
(1) and (2) lead to the same result. On the other hand, if we apply 
the perturbation formula 


2 HaclH/(Ea— Ez) (3) 


for indirect transitions with H given by (1) and (2), respectively, 
it is easily seen that (1) and (2) do not lead to the same result 
when negative energy states are involved in the intermediate 
states. This example shows that Dirac’s relativistic equation for 
two particles, which deals with particles with energies of both 
signs, does not always agree with the hole theory, in which the 
negative energy states are correlated to pair creation. The situa- 
tion here is similar to the situation in Weisskopf’s calculation of 
the self-energy of the electron. 

When all the states a, 6, c in (3) are positive-energy states, 
(1) and (2) give the same result. This result diverges logarithmi- 
cally, owing to the cancellation of ¢* with (AZ;)?, both of which 
vary as k* at high energies. This divergence is independent 
of the magnitude of the coupling constant f, and has nothing to do 
with the question of the convergence of the Born approximations. 

It is instructive to compare this divergent result with the finite 
result obtained by Watson and Lepore‘ from the Feynman-Dyson 
formalism for the S-matrix due to the exchange of two mesons 
(reference 4, Sec. IIC). Nambu® has suggested the use of the 
difference between Watson and Lepore’s result and the result 
that follows from (3), with H given by the potential energy of 
the second order, to define the potential energy of the fourth 
order. The above consideration shows that the potential energy 
of the fourth order thus obtained diverges if (1) or (2) is taken to 
be the potential energy of the second order. This seems to show 
that the retarded interaction (1) or (2) is unsuitable as the poten- 
tial energy of the second order. 

. Van Hove, Phys. Rev. 75, 1519 (1949). 

Tr Toyoda, Phys. Rev. 77, 853 (1950). 

*P. T. Matthews, Phys. Pe 76, 1657 (1949 


*K. M. Watson and J. V. Lepore, Phys. Rev. “76, 1157 (1949). 
+ Y. Nambu, Prog. Theor. Phys. 5, 614 (19 





Radioactive Hg”* and Hg” 


W. S. Lyon 
Analytical Chemistry — Oak Ridge National Laboratory, 
k Ridge, Tennessee* 
(Received February 19, 1951) 


jp Sarees of the 46-day mercury activity to the Hg™ 
nuclide and the five-minute mercury activity to the Hg™ 
nuclide have been reported previously in the literature."? Using 
electromagnetically separated Hg™* enriched to 97 percent and 
Hg™ enriched to 89 percent, these mass assignments have been 
verified, the radiation from Hg™ studied, and the thermal neutron 
activation cross sections for the reactions, 


Hg*™(n, y)Hg™, (1) 
Hg™(n, y)Hg™, (2) 
with pile neutrons determined. 


A 2.37-mg sample of enriched Hg®? was irradiated in the ORNL 
reactor for three weeks together with a cobalt monitor. The decay 
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of portions of the activated sample was followed on both a high 
pressure ion chamber and a conventional thin end window G-M 
counter. These data indicate all the activity to have a 46.5-day 
half-life. Aluminum absorption and coincidence counting data 
are in accord with the accepted disintegration scheme of a 0.20- 
Mev £ followed by one gamma-ray of 0.280 Mev.’ Using a total 
conversion coefficient of 25 percent for the 0.28-Mev gamma, the 
activity of this source was determined using the high pressure ion 
chamber and the method described by Overman and Jones.‘ 
Agreement between this value and that obtained through absolute 
beta-counting was within 5 percent. 

Utilizing the average flux calculated from the Co activity 
produced in the cobalt monitor, the isotopic cross section for 
production of Hg*®* with pile neutrons was calculated. @ (isotopic) 
was found to be 3.8 barns; ¢ (atomic) is thus 1.1 barns. Way and 
Haines,’ in the only other available work on the production of 
Hg™®, list « (isotopic) as 2.4 barns. 

A 23.8-mg sample of Hg™ was dissolved in dilute HNO, and 
suitable aliquots of this material taken for activation. Active 
aliquots were evaporated on watch glasses and the decay was 
followed for several days on a G-M counter equipped with a 
scaler and continuous recorder. Upon subtraction of the long- 
lived weak activities due to contaminants in the diluent, the Hg™ 
was found to exhibit a half-life of 5.6 min. Cross sections for 
neutron capture were obtained by exposing aliquots of Hg™, 
together with a Mn monitor, in the ORNL reactor for 1190 
seconds. Beta-activity of the Hg™ was determined by absolute 
beta-counting. Total Mn* activity induced in the Mn monitor 
was assessed from ion chamber measurements. Using this figure, 
the average flux during exposure was calculated. For reaction (2) 

« (isotopic) =0.47 barn, 
o (atomic) =0.032 barn. 


The only other published value for the constant, ¢ (atomic), is 
0.023.° The absorption curve data were treated by Feather analysis 
using P*? as a comparator. The range of the simple beta-spectrum 
was found to be 813 mg/cm? of Al, corresponding to a Bmax of 
1.75 Mev. Krishman and Nahum? list 1.62 Mev as the beta 
end point. 

Table I summarizes the experimental data obtained. 


TaBLeE I. Summary of data. 








Hg™ 





Tj 46. s days 


Bmax 
¢ (isotopic)* 3. 8 barns 
1,1 barns 


@ (atomic)* 








* Pile neutrons. 


* Based on work performed under the AEC. 

1H. Slatis and K. Siegbahn, Phys. Rev. 75, 318 (1949). 

?R.S. Krishman and E, A. Nahum, Proc. Cambridge Phil. Soc. 36, 490 
). 


+ D. Saxon, Phys. Rev. 74, 849 (1948). 

4J. W. Jones and R. T. Overman, AECD-2367 (1948) (unpublished). 
*K. Way and G. Haines, MonP-405 (1947) (unpublished). 

*T. I. Taylor and W. W. Havens, Jr., Nucleonics 6, No. 4, 54 (1950). 
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Empirical Correlation for a Thermoelectric Property 
of Superconductors 


M. C. STEELE AND JuLES DE LAUNAY 
Naval Research Laboratory, Washington, D. C. 
(Received February 23, 1951) 


HE recently published! results of the thermoelectromotive 
force existing at the superconducting-normal junction of a 
metal showed that the data for tin and thallium fell on the same 
line when E was plotted as a function of 1—(7/T-.)? on a log-log 
basis. EZ is the thermoelectromotive force of the superconducting- 
normal junction of the same metal, T is the absolute temperature, 
and 7, is the superconducting transition temperature for zero 
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magnetic field. The results for tin and thallium suggested that 
one should seek other properties that are very nearly alike for 
these two elements with the hope that some general empirical 
relation might be obtained. It was found that the ratio of T./®, 
where @ is the Debye characteristic temperature, was very nearly 
the same for tin and thallium. Combining this information with 
the relation previously given by Steele* 


Eo=7T2/3¢e (1) 
(where + is the electronic specific heat in the normal state, ¢ is 


the electronic charge, and Ep is the value of Z at the absolute zero 
of temperature) suggested that 


Ey~(T./®)? (2) 


ye. (3) 

The y appearing in Eq. (1) may not be identical to the y deter- 
mined from equilibrium phenomena such as specific heat.? 

The correlation indicated by Eq. (2) can be tested by the recent 

thermoelectric data. In Table I the pertinent data is given for 


and 


TaBLe I. Data for the superconductors. 








(Ey@*/T.*) 


Element X<10* volts 


Lead 
Indium 


Tin 
Thallium 


Eo X10 volts T.°K @°K 
7.26 908 
3.41 106> 
3.72 150¢ 
2.40 96" 








* J. de Launay and R. L. Dolecek, oy 

> Value aoe from data of J. R. Clement and E. H. Quinnell, Phys. 
Rev, 79, 1028 (1950), by assuming that the specific heat in the normal state 
can be represented by a T? law plus a linear term in 7. 

* Value calculated from the combined Gate of W. H. Keesom and P. 
Van Physica $, 193 (1938); and W. Keesom and J. N, Van P 
Ende, Proc. Acad. Sci. Amst. 35, 143 (1982): ‘by assuming that the specific 
heat can be represented by a T* law plus a linear term in T. 


. Rev, 72, 141 (1947). 


lead, indium, tin, and thallium. It is seen that the values of 
E,8*/T,* for the particular elements are less than 10 percent 
different from the mean value of 9.2 10~ volt. In the light of the 
experimental limitations on the value of Eo (reported! as subject 
to an error of the order of 10 percent) and the spread in possible 


values of Q, it is felt that the data for these four elements sub-" 


stantiates the correlation given by Eq. (2). 

Preliminary measurements with mercury (7-=4.16°K) have 
shown that Zp» for that element is about 250 10- volt. In order 
that this be consistent with the results for the other elements and 
the relation given by Eq. (2), it is necessary that @ for mercury 
should be about 25°K. Although this @ is very much smaller than 
the value obtained from specific heat measurements (@=96°K), 
it is in fair agreement with the value given by resistance measure- 
ments (@=37°K). 

Additional thermoelectric measurements are needed to test 
Eq. (2) further. For example, aluminum, with a @~400°K, would 
have Ey~10~ volt if Eq. (2) were applicable. Such measurements 
are now in progress at this Laboratory. The results will be reported 
at a later date. 


1M. C, Steele, Phys. Rev. 81, 262 (1951). 
2M. C. Steele, Phys. Rev. 78, 308 (1950). 


Further Search for Nuclear Transitions with 
Lifetimes between 3 x 10-® sec and 10~’ sec* 


W. E. Wricutt anp M. DevutscH# 


Laboratory for Nuclear Science and Engineering and Dapestnent of aa 
Massachusetts Institute of Technology, Cambridge, Massachusett. 


(Received February 26, 1951) 


HE method of delayed coincidences has been utilized in a 
search for nuclear metastable states with lifetimes less than 

107 sec. Scintillation counters, using stilbene or anthracene with 
RCA 5819 photomultiplier tubes, were used with wide band 
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amplifiers of a design due to Elmore and a fast electronic coin- 
cidence circuit. Under favorable circumstances a half-life of 
3X10-* sec could be detected with this apparatus. In most 
cases studied, the lifetimes were too short to be measured by 
this apparatus, and only upper limits could be set. Typical 
curves of coincidence counting rate vs delay and some of the 
results have been reported previously.' 

Coincidence absorption studies were undertaken in order that 
an upper limit on the half-life of a specific transition might be 
set, even though only prompt coincidences were observed. The 
detectors were so arranged that both single- and double-channel 
coincidence absorption experiments could be conducted. Electro- 
magnetic radiation was identified by comparing the observed 
half-thickness values with the curves published by Glendenin.* 
For the identification of electronic radiation, an empirical range- 
energy curve was constructed from the observed absorption 
curves for Dy'®, Re™, and Au™. These isotopes were selected 
because of the simplicity and well-known character of their decay 
schemes, and because of the wide range in energy of their radia- 
tions. In most cases, a determination of the energy and reference 
to the literature permitted a differentiation between the preceding 
and succeeding radiations. 

The results are summarized in Table I. Column 1 lists the 


TABLE I. Observed upper limits on the half-life of excited states. 








Daughter isotope Energy (kev) Observed Ty X10* sec 
Bre 37 <4 


82 <4 





<3 


<5 


<4 


<5 
Pre <3 
Hg™ <3 








daughter isotopes of the decays investigated. Column 2 lists the 
energy in kev of the transition observed. Where two energies 
are listed for a single isotope, it has not been possible to differ- 
entiate between the preceding and succeeding radiation. Column 3 
gives in units of 10~* sec the upper limits for the half-life observed 
for the transitions listed in columns 1 and 2. 

The authors wish to thank Professor J. W. Irvine, Jr., and 
the members of the MIT Cyclotron Group for their advice and 
assistance in the preparation of the radioactive sources required 
for these studies. 


au work was supported in part by the joint program of the AEC 
+ Now at ONR Washington, Washington 25, 


D. C. 
1M, ao and W. E. Wright, rave. pers a. 139 (1950). 
+L. E, Glendenin, Nucleonics 2, No. 2 (1948), 


Delayed Coincidence Angular Correlations 
Stuart P. Lioyp 
Department of Physics, University of Ilinois, Urbana, Illinois 
(Received February 26, 1951) 


E consider the directional correlation of successive particles 

emitted in the nuclear cascade j:—j-+j2, where the j’s 
are the angular momenta of the nuclear levels, when the source is 
placed in a constant homogeneous magnetic field. The existence 
of remarkable nuclear spin phase memory phenomena! in non- 
paramagnetic solutions leads one to believe that it might be 
possible to determine the gyromagnetic ratio of the intermediate 
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nucleus by observing the angular correlation of the emitted par- 
ticles as a function of time.? One would expect a correlation to 
persist to times of the order of the total spin relaxation time 7: 
of the intermediate nuclei j in the sample, perhaps milliseconds 
or better. We show here how the theoretical delayed coincidence 
correlation function describing the effect of the magnetic field is 
to be obtained from the usual correlation function. 

The equations of the Weisskopf-Wigner treatment of the decay* 
can be made to yield a function W(Q:; 22;#—#) which can be 
interpreted as the rate (steradian~* sec~') at which particles of the 
second transition are emitted at time ¢ with direction Q2:=62, g2 
when the preceding particle in the cascade was emitted at time ?’ 
with direction 2;=6;, gi, the initial nuclei 7; being randomly 
oriented at time zero. As indicated, this rate comes out to be a 
function of ¢—?’ only, and we refer to it as the delayed coincidence 
angular correlation function.® If wo is the circular Larmor fre- 
quency of the intermediate nucleus 7 in the external magnetic 
field (along the z-axis), then the delayed coincidence correlation 
is given by 


W(61, ¢1; 92, 923 
XZaerX 


see exp(—t/r) 
mm! (01, G15 92, G2) eExp(iwo(m—m’)t), (1) 


where 
X mm’(O1, gi; G2, g2) = (2j1+1)-'(2x/h)*p1p28 2 mime 
XG jym,| Qe, o2| jm)(jm| MQ, o1| jm) 
x Gana\ Qe o2| jm’)*(jm’|Q:, o1|jim)*). (2) 


In Eq. (1), 7: and + are the lifetimes of the initial and inter- 
mediate nuclei, respectively, and in Eq. (2), § is the invariant 
summation over the spin coordinates o; and o2 of the emitted 
particles, and p; and pe are densities-in-energy of the states of the 
emitted particles. The usual instantaneous angular correlation® is 


W (@:, ¢1; 02, g2)=1W (01, 1; 2, ¢2; 0) 
= 497712 mm'X mm'(A1, 913 92, ¢2), (3) 


normalized to {W(6:, ¢1; 92, ¢2)(d0:/44)dQ,=1. It is actually a 
function only of the angle @ between Q; and Q2, of course. 

The transformation properties of the nuclear matrix elements’ 
can be used to obtain 


X mm‘ (Ai, ¥1; 62, ¢2) =X mm’ (Ai, ¥1; 62, gi ta) exp(ia(m’—m)) 


for rotations of 2: by angle @ around the z-axis. If this is sub- 
stituted into Eq. (1) with a=wot, oné discovers that 


W (61, 1; 92, 2; t) = (1/7) exp(—t/r)W(A1, gi; 2, g2twot). (4) 


The delayed coincidence angular correlation pattern is just the 
instantaneous pattern precessing with the intermediate nucleus 
around the external field.* If the instantaneous correlation is given 
as a power series in cos@, the corresponding delayed coincidence cor- 
relation is obtained as a fourier series in wot by transforming the in- 
stantaneous correlation to a Legendre series :* W (0) = 2yiP:(cos6), 
and then applying the spherical harmonic addition theorem® to 


P;(cos@) = P;(cos@; cos@e-+sin@; sin6, cos( gi — 


For example, the instantaneous correlation W(0)=1+-r cos*@ 
=1+(r/3)+(2r/3)P2(cos@) gives the delayed coincidence corre- 
lation (omitting the decay and normalization factors) : 


W (01, gi; 92, 2; 4) =1+(r/3)+(7/6)(3 cos*@; — 1)(3 cos*@2-- 1) 
+ (r/ 2) ) sin2@; sin262 cos(¢i— CS wot) 
+(r/2) sin*@; sin’, cos2(¢i— ¢2—wol). » (5) 


In general, the odd harmonics of wot drop out if either counter is 
in the equatorial plane, 6; or 6:=90°; and there are no oscillating 
terms at all if either counter is on the axis, @; or 6.=0° or 180°. 
The relative amplitudes of the various harmonics are complicated 
functions of @; and @2, in general, and the best position for the 
counters has to be worked out for each case separately. For the 
correlation (5), one maximum of the first harmonic amplitude 
relative to the non-oscillating terms occurs when both counters 
are on the cone: 


cos*6; = cos*6, = (1/2) — (r/(8+6r)) +O(r*). 


¢2)). 
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It is to be noted that both the instantaneous correlation and 
the gyromagnetic ratio of nucleus j can be determined by meas- 
uring the distribution of pulses in time in one counter; e.g., 
if the counter is in the equatorial plane, W(90°, 9; 90°, 9; #) 
=(1/r) exp(—i/r)W (wot), where W(0) is the instantaneous corre- 
lation. 

If the highest power of cos@ in the instantaneous correlation is 
cos“@, the delayed correlation contains harmonics rp to cos(Lwot), 
and the total gate width A should be narrow enough so that 
these harmonics are not washed out by averaging over the gates: 
if LwoAt>1, gate width correction factors must be introduced. 
For the same reason, the variation (72*)~! of the Larmor fre- 
quency due to inhomogeneities in the applied magnetic field 
should be kept small compared to (Lr)! 

I wish to thank Professor A. T. Nordsieck for a discussion of 
the Weisskopf-Wigner method and Dr. C. P. Slichter for dis- 
cussions on the nature of the fields in material media. 

1 E. L. Hahn, Phys. Rev. 80, 580 (1950). The spin echo effect involves 
free Larmor precessions of protons in water of up to 10* revolutions at 
30 Mc. 

2Sunyar, Alburger, P «aera Goldhaber, and Scharff-Goldhaber, 
ris. Rev. 79, 181 (1950 

Bloembergen, Purcell, Ps Pound, Phys. Rev. 73, 679 (1948). 

WV. Weisskopf and E. Wigner, Z. Physik 63, 54 (1930). 

*G. Goertzel deals essentially with fo” W(21; Q2; t)dt in his investigation 
of the effect of hyperfine structure interactions in y —y-angular correlations; . 
Phys. Rev. 70, 897 (1946). We assume that there are no such fields at the 


ay ms oe liquid sample 
Loff and G. E. Uhlenbeck, ieee Rev. 79, 323 (1950). 


's p. ‘tioyd. Phys. Rev. 80, 118 (195 

* This was suggested by Professor M. * Goldhaber (private communi- 
cation). 

* The necessary formulas can be found in W. E. Byerly, Fourier Series 
and Spherical Harmonics (Ginn and Company, 1893), pp. 179, 211, 199. 


Electron Density and Light Intensity Decay 
in Cesium Afterglows* 
P, DANDURANDT AND R. B. HoLt 


Department of Physics, Harvard University, Cambridge, Massachusetts 
(Received February 20, 1951) 


HE decay of the electrodeless discharge through purified 

cesium has been studied by the previously described tech- 
niques! of microwave electron density, optical spectrographic, and 
optical light intensity measurements as a function of time after 
termination of the exciting fields. In the pressure range 0.02 to 
0.1 mm, we found that the electron density, m, decays expo- 
nentially with a time constant, 71, increasing with pressure from 
0.4 millisecond at 0.02 mm to about 1 millisecond at 0.1 mm. 
A minimum in the light intensity is found at 40 microseconds 
after cut-off, followed at about 80 microseconds by a broad maxi- 
mum. The ratio Imax/Imin is about 8 at the lowest pressure and 
decreases with pressure. Higher input power during the dis- 
charge moves the maximum to shorter times. After the maximum, 
the light intensity decay is exponential with an associated time 
constant 72 consistently closely equal to 71/2, which shows that 
the light intensity is proportional to n*. Spectrograms show an 
intense line spectrum during the discharge, the usual CsI spectrum 
coexisting with a great number of other lines belonging to the 
excited cesium ion. In the afterglow, however, the spectrum is 
practically a pure band spectrum, which was not analyzed in 
detail, but which shows up in the same wavelength range as the 
bands found previously in absorption in cesium vapor.? 

The low pressure electron density data follows the behavior 
expected for ambipolar diffusion quite well. In order to compare 
the ion mobility data for cesium ions through cesium vapor with 
previous measurements’ of the mobility of cesium ions through 
rare gases, the electron temperature at moderate times in the 
afterglow at a pressure of 0.036 mm was estimated by a standard 
kinetic theory calculation as 1400°K. On this basis, our data gives 
a value of the mobility, ko, of about 50 cm*/volt-sec calculated 
for 1-mm pressure and 0°C. This value is rather surprising, since 
the measured values of the mobility of cesium ions through rare 
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gases are on the order of 10°. The formation of molecular ions and 
the possibility of some mechanism such as charge exchange may 
be used to explain the low observed value of the effective mobility 
of cesium ions in cesium. 

Above about 0.3-mm pressure, electron density decay follows 
the recombination law, dn/di= —an*, very well. The recombina- 
tion coefficient, a, has a value of the order of 10~? cm?*/ion-sec. 
At constant temperature this coefficient is found to be pressure 
dependent. At 270°C, for instance, a varies from 3.5X10~? at 
0.32-mm pressure to 1.2X10~* at 0.68 mm. At 285°C a varies 
from 3.5X 1077 at 1 mm to 1.45X10~ at 2.6 mm. At times in the 
afterglow greater than 400 microseconds the light intensity is 
again found to be proportional to the square of electron density. 
At shorter times, however, this relationship does not hold, indi- 
cating that recombination is initially somewhat slower. The use 
of simple optical filters shows that the red portion of the spectrum 
decays initially somewhat faster than the violet. Spectrograms 
show much less of the cesium ion line spectrum during the dis- 
charge than was found at low pressures. The afterglow spectrum 
is again almost purely molecular. 

Our data are in agreement with the following mechanism for 
recombination-type electron removal in the afterglow. Cesium 
molecular ions are formed in triple collisions between an atomic 
ion and two neutral molecules. This is followed by recombination 
between molecular ions and electrons. This process results in the 
formation of excited molecules which radiate a band spectrum in 
the afterglow, thus making dissociative recombination an un- 
likely explanation for the high values of recombination coefficient 
observed. The initial maximum of the light intensity as observed 
at low pressure would then correspond to the initial increase of 
molecular ion concentration (since the concentration of such ions 
during the discharge is probably small, as evidenced by the line 
spectrum observed) followed by a decrease due to diffusion to the 
walls and recombination. It is quite possible that some equi- 
librium ratio between the density of atomic and molecular ions 
develops in the afterglow. This ratio would depend on pressure, 
a larger proportion of the ions being molecular at higher pressures. 
This would explain the observed pressure variation of a if we 
assume also that the recombination coefficient for molecular ions 
is the limiting value observed at high pressure and that the re- 
combination coefficient for atomic ions is much smaller. 

No dependable values for the absolute light intensity were 
obtained in this work (as have been obtained in this laboratory 
for several other gases), because the spectrograms showed that 
most of the energy was concentrated in the infrared, beyond the 
range of our photomultiplier equipment. 

* Assisted by the ONR. 

+ Present address: 52 rue Vancau, Paris 7, France 

+ W. Richardson, Howland, and McClure, Phys. Rev. af 239 (1950). 


Loomis and P. Kusch, Phys. Rev. 46, 292 (19. 
. F, Powell and L. Brata, Proc. Roy. Soc. London) A138, 129 (1932). 


Charge Renormalization in the Hartree 
Approximation* 
HARTLAND S. SNYDER 


Brookhaven National Laboratory, Upton, Long Island, New York 
(Received February 28, 1951) 


HE field equations and canonical commutation relations of 
the Dirac-Maxwell fields are 
{yul(0/dx,) —itoA p/h) +«}y(x) =0, 
DIA yo =J 9 **(x) +-Fieoly*(x), yu(x) J, 
[¥*(, t), Wr’, )],=7'5(r—r’), (3) 
[A,%Cr, #), 9Ay%(2’, t)/dt]=ihd(r—r’), (4) 
in which J,,° *(x) is the external charge and current distribution. 


If one uses the Hartree approximation of replacing the electron- 
positron current operator J,°(x)=4ieoy*(x), yu¥(x)] by its 


(1) 
(2) 
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expectation value (J,,°(x)) in Eq. (2), one obtains 
DA y?=J,° (x) +(J,,"(2)). (5) 


Any covariant gauge invariant evaluation of (J,°(x)) for the 
“vacuum” state! gives the following form: 


(JF u°()) vee — aA y°(x) — f K%(x—2')[VAp(x')dx’ (6) 


for the parts of (J,°(x)) which are linear in the field strength, and 
we will neglect all nonlinear effects. In Eq. (6) K%(x—z’) is an 
invariant function of (x—x’) which describes the Uehling effect 
and which is not as singular as a 4-function. Combining Eq. (5) 
and Eq. (6), one obtains 


(1+a).A orf K%x—2x') DA y(x')dx’ = J, **(x). 
Carrying out a c’ .rge and field renormalization, one obtains 
A,y=(1+a)A,° e=(1+2a)teo, 
J (x) =(1+0) 4,0, K(x—2')=(1+a)'K%r—2’), 
J (x) =(1+a)-4J,,%(x). 


Under this renormalization, Eqs. (1) and (5) remain unaltered in 
form apart from the Uehling terms, but é is replaced by e, and 
oA ,° is replaced by ¢A,. Equation (3) remains unaltered, while (4) 
becomes 


(7) 


(8) 


[Ay(r, 4), 0A y(t’, #)/d¢]=ih(1+-2)3(r—r’) (9) 


The fact that these equations maintain the same form shows 
that a charge renormalization will not change the energy levels 
of atomic systems except for the Uehling terms implied by 
K(x—zx’), if the experimental value of e*/h is used. However, by 
Eq. (9) we see that the value of Planck’s constant for the electro- 
magnetic field will be larger than the Planck’s constant of the 
matter field by the factor 1-+-a=(e9/e)*. We thus see that charge 
renormalization is not consistent with the canonical formalism, 
at least in the Hartree approximation. We note, however, that if 
one insists on evaluating a so that it is nonvanishing, the error 
introduced by this can be corrected by reducing the electromag- 
netic field commutators by the factor 1/(1+<a). 

If the commutator relation Eq. (9) is to remain consistent in 
time with the equations of motion, Eq. (7), one may infer that 
(CJA u(x) =J,*(x), in which J,*(x) is the experimental external 
current distribution. Thus, one obtains 


TMa)+f Kee—2)I,%@)dx! =J,e*4(2). 


We now note that the conventional evaluation? of K(x—-’) is 
such that J,*(x) is not uniquely determined by the fictitious 
external charge and current distribution J,***(x), because Eq. (10) 
has nonvanishing solutions when J (2) is put equal to zero. 
Since it is J,*(x) which determines the energy levels of atomic 
systems, it is convenient to arrange the calculation of the am- 
biguous quantity (Jy(x))vse so that its parts, which are linear in 
the field strengths, vanish identically. This can be done.* 


* Research carried out at Brookhaven National Laboratory, under the 
auspices of the A 
. Serber, Phys. ‘Rev. 48, 49 (1935), 
yp “Schwinger, Phys. Rev. 75, 651 (1949). 
2H. S. Snyder, Phys. Rev. 79, 520 (1950). 


(10) 


Diffuse X-Ray Scattering by Disordered 
Binary Alloys 
Witutram J. Taytor 
Department of Chemistry, Ohio State University, Columbus, Ohio 
(Received February 23, 1951) 


HE x-ray scattering from binary alloys of the substitutional 

type shows two effects due to the degree of order (or dis- 
order): (1) Sharp superlattice reflections when long range order 
is present; and (2) diffuse scattering which depends on the degree 
of short range order. Theoretical intensity formulas for these two 
types of scattering have been given by MacGillavry and Strijk' 
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for body- and face-centered cubic lattices. In the present note a 
general method of treatment is outlined which introduces the 
short range order parameters in a particularly straightforward 
way. For this purpose we introduce a parameter 4.’ which has 
the value +1 if an A atom is at the kth site in the Lth cell, and 
the value —1 if a B atom is at this site. This is a device similar to 
that used in the statistics of the Ising lattice.* The atomic struc- 
ture factor at the &, Z site can then be represented as 


Se&=4(fatfea)+4(fa—fa)ur®, (1) 


where f4 and fg are the structure factors for the two types of 
atoms. The mean value of ux” is 


f= (1/N) z pe’ = xa*—xzt, (2) 


where x4* and x * are the fractions of the N sites of type & which 
are occupied by A and B atoms, respectively. fi is obviously a 
measure of the long range order in the &th sublattice. The mean 
structure factor at the &th type of site is 


Se=(1/N) 2 fr’ =faxa*+foxs*, (3) 
L 


while the fluctuation at the k, L site may be written in the form, 
bu’ = (fifi) =4(fa—Fn) (un” — fx). (4) 


We now follow closely the method of Zachariasen* to obtain the 
following formula for the intensity of diffuse scattering, 


Ip=3NIA(fa—fe)* 2 exp[is-(tre—te)] 
keke 
XZ am exp(—is-Aw). (5) 
M 


I,=scattering by a single electron ; Ay = M,a,+M:a2+ Ma; =di- 
rect lattice vector; r.=position vector of kth site; s=2x(k—ko) 
= Bragg vector).* In the present case s is to be regarded as a 
continuously variable vector in reciprocal space. The intensity Ip 
is periodic in reciprocal space provided the sites, k, k’, «++, occur 
at rational positions in the unit cell (e.g., body or face centering). 
The fourier coefficients of the diffuse scattering, ax”, are related 
to the 44”’s as follows, 


orgs M = pane! — fie flee (6) 
pre ™ = (1/N) 2 pepe? ™. (7) 
L 


These parameters will fall into equivalent sets if the crystal has 
nontrivial symmetry. ue has the properties of a short range 
order oo In fact, if the fraction of the N pairs of sites, 
k, Land k’, L—M (all L), which are occupied by me atoms (AA 
or BB, as opposed to AB or BA) is denoted by zu-™, it is obvious 
that 
peter = ope — (1 — Spa) = 2opye Mf — 1. (8) 

For M=0, k=’, uex®=1, and 24°= 1. For perfect long range order, 
ce ™ =0, pear = 1, and 24 =0 or 1, depending on the pair of 
sites in question. The diffuse scattering, Jp, vanishes identically 
for a perfectly ordered lattice.t The limiting values of these 
parameters as |M|—>© are: ag °=0; wue”=fiefe; and su 
=x4'x4*'+-2,*xp*’. These are also their average values (over M). 

In the absence of long range order x4*, x4", and xg*, xp*’, may 
be replaced by x4 and xg, the over-all fractions of A and B atoms, 
in all the preceding formulas. In addition, all sites are then 
usually equivalent, so that a primitive cell containing a single site 
may be selected. Setting k=k’=1, Eq. (5) then reduces to 


Ip= INI. fa— fa)*2 2 an exp(—is- Aw). (9) 
Inversion of Eq. (9) yields 


u™=(4V/N) [ (Iv/T)(fa—fn)* exp(is-Au)ds, (10) 
where the integration is over a single “phase cell” surrounding any 
reciprocal lattice point? (V=volume of primitive cell in direct 
lattice). 

A detailed investigation of diffuse x-ray scattering by the dis- 
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ordered alloy CusAu (face-centered cubic lattice) has been carried 
out by Cowley.5 Cowley’s interpretation of the fourier coefficients 
of the diffuse scattering is not entirely in accord with that arrived 
at here. A consideration of his method of normalization indicates 
that his aim» (as tabulated in Table I of reference 5) are equal to 
(a11™/ex1:°) in the present notation. From the preceding equations, 
ay,9=¥, and a) =2(¢;,;—2z,:"). Therefore, the quantities tabu- 
lated in the last three columns of Cowley’s Table I need only be 
multiplied by } to obtain s:,;—z1:°, the fluctuation of s1:% about 
its limiting (or average) value. The latter is s::.°=§, in this case 
(in the absence of long range order). As an example, at 405°C 
z1:% has the values 0.568 for nearest neighbors, and 0.695 for 
next-nearest neighbors, as compared with the limiting value 0.625, 
and the values } and 1, respectively, for perfect order.® 

1C, H. MacGillavry and B. Strijk, Physica 11, ay (1946). 

2G. H. Wannier, Revs. Modern Phys. 17, 50 (1945). 

3 W. H. Zachariasen, Theory of X-Ray Diffraction in Crystals (John Wiley 
and Sons, Inc., New York, 1945), pp. 213-216. 

‘Other forms of disorder scattering may occur, of course (e.g., that due 
to thermal vibrations). The intensity Jp of Eq. (5) does not include the 
superlattice reflections which may appear if long range order is present, 
and which are essentially as sharp as ordinary Laue-Bragg reflections (in 
the absence of complicating factors, such as anti-phase domains). The 
intensities of — reflections may be calculated from the mean structure 
Sactors of Eq. ( 

5]. M. Cooker J. Appl. Phys. 21, 24 (1950). 

* The fractional value } is not inconsistent with the previous statement 
that s=0 or 1 for perfect order. Inspection of the ordered CusAu structure 
will show that in averaging over all pairs of nearest neighbors, like pairs 
(s =1) and unlike pairs (s =0) occur with equal frequency, leading to the 
average value } 


Emulsion Studies of Cosmic-Ray Stars Produced 
in Metal Foils* 
IAN BARBOUR 
Kal College, Kal. Michigan 
(Received March 5, 1951) 





E have described, and given preliminary results' from, 
a method in which cosmic-ray induced disintegrations of 
nuclei of several elements are studied with metal foils “sand- 
wiched” between pairs of G5 emulsions placed face-to-face. After 
high altitude exposure, removal of foils, and development, the 
original alignment of the plates is reconstructed so that they can 
be scanned, and groups of tracks originating in disintegrations of 
foil nuclei can be projected back to common centers between the 
emulsions. Hodgson has recently reported* analysis of stars from 
disintegration of nuclei of a lead foil in contact with a single 
photographic plate. Advantages of the “sandwich” method, 
besides the doubled probability for a particle to enter the emulsion, 
are (a) elimination of frequent spurious coincidences of unrelated 
cross tracks; (b) lower probability of missing a star, since the 
scanner not only looks for converging tracks, but also, in the case 
of every track seen, looks for its continuation in the opposite 
emulsion which would eliminate it from consideration as a possible 
member of a foil disintegration ; (c) the probability that a particle 
from an observed foil star not be detected (because it stops in the 
foil or strikes the emulsion too far from the field-of-view) is 
almost independent of the point within the foil at which the dis- 
integration occurs, since the increased detection probability for 
tracks in the plate nearer the disintegrating nucleus is compensated 
for by the decreased detection probability in the further plate. 
Figure 1 summarizes the uncorrected cross-section data to date 
for six elements ranging in atomic weight from 27 to 197. Typical 
statistical probable errors are indicated at intervals for each 
element. The differential distributions (given by the slopes of the 
curves in Fig. 1) are of the form e~*" in the region of larger stars 
(n>Z/4), where for Z>40, k~0.2, increasing for low Z to perhaps 
twice that value for Al; for smaller » the differential distributions 
tend to level off to about the same value for all the elements, 
though correction for stars completely missed would somewhat 
increase the values for small stars, especially m=3 and 4. In Fig. 2 
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Fic, 1. Relative integral cress sections (number of stars observed, per 
target nucleus, with m or more prongs) are plotted for several elements 
against m, the number of prongs observed. Bata for emulsion stars are 
plotted on a scale of m, the number of prongs actually leaving the dis- 
integrating nucleus (see text). 


the data have been replotted against atomic weight for stars of 
different sizes. The slopes of the lines are indicated, decreasing as 
smaller stars are included, and probable errors are shown for 
stars of 4 or more observed prongs. Estimated extrapolation to 
include stars of all sizes indicates a total cross section close to A*’*. 

Emulsion stars are shown in Fig. 1 for comparison; while their 
statistical errors are small, {or 1630 stars were analyzed, uncer- 
tainties exist in (a) the ordinate, which depends on the assumed 
thickness of the emulsion, and its effective number of atoms per 
cm’. For the latter we have used the equivalent number of atoms 
of atomic weight 100 (intermediate between Ag and Br) that 
would give the same cross section as the emulsion constituents, 
assuming the manufacturer’s analysis and a dependence on atomic 
weight as discussed above. (This equivalent number is not very 
sensitive to the exponent.) (b) For comparison with the foil 
curves, the emulsion stars should be plotted on an abscissa of n, 
the actual number of prongs in the disintegration. The probability, 
m/n, of detecting a particle from the observed disintegration of a 
foil nucleus depends on the stopping power and thickness of the 
foil and the diameter of the field of view, and varies slightly with 
the position of the disintegrating nucleus in the foil and with the 
size of the star; but for these foils calculations of this ratio did 
not vary greatly from an average value of about 2/3. 

The resulting emulsion curve approximates, for »>6, that 
which one might expect for A = 100. The greater number of smaller 
stars can readily be accounted for by the known percentages of 
lighter elements in the emulsion. The average slope of the integral 
distribution of emulsion stars of 4, 5, and 6 prongs is about 3 times 
that of the line obtained by projecting to small » the emulsion 
curve for larger stars (that is, the curve which one would anticipate 
for A=100 by comparison with the foil curves). This would 
indicate that of the small stars found in emulsion, approximately 
twice as many can be attributed to the lighter elements present 
as to Ag and Br. There is, however, considerable uncertainty in 
this value, because the data for small stars in the foils are less 
reliable; a differential prong distribution will be given upon com- 
pletion of scanning and rechecking and more careful analysis of 
corrections. There will also appear an analysis of measurements 
made on the energy of each particle in the foil stars and the 
angular distribution to determine their dependence upon atomic 
weight as compared with theoretical calculations. Only a few 
“showers” of minimum-ionization particles, usually interpreted as 
mesons, have been observed, but these yield some information 
concerning the variation with atomic weight of meson-production 
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cross sections at these energies. Several students have assisted in 
this work: James Bailey, Milton Meux, Mel Reed, and Dick 
Wilson. 

* This work has been aided by a Cottrell Grant from the Research 


Corporation. 
1]. Barbour and L. Green, Phys. Rev. 79, 406 (1950). 
? P. E. Hodgson, Phil. Mag. 42, 92 (1951). 


Natural Spread of the Conic Distribution of 
the Cerenkov Radiation 


Yin-Yuan Li 
Physics Department, University of Illinois, Urbana, Illinois 
(Received February 26, 1951) 


ECAUSE of the existence of a high degree of partial coherence 
of the wavelets from succeeding free paths, the natural 
spread of the Cerenkov radiation was very much overestimated 
in a previous letter.! The coherent path length of an electron is 
much closer to the actual length of travel in the material than it is 
to the mean free path between emissions of quanta. R. L. Mather 
of Berkeley has observed with proton beams that the half-breadth 
of the ray directions is less than the minimum predicted in the 
letter, when the effects of dispersion are removed. He has also 
observed a rainbow spectrum. 
My sincere thanks are due Professor L. I. Schiff and Mr. R. L. 
Mather for their kind communications 


1 Yin-Yuan Li, Phys. Rev. 80, 104 (1950). 


Theoretical Low Temperature Spectra of the 
Thallium Activated Potassium Chloride 
Phosphor 


Ferp E. WILLIAMS 
General Electric Research Laboratory, Schenectady, New York 
(Received March 5, 1951) 


FUNDAMENTAL calculation of the absorption and emis- 

sion spectra of KCI:T1 has been recently reported.! From 
the properties of the constituent ions the potential energy was 
computed for ‘Sp and *P,°TI* substituted for K* in KCl as a 
function of a precise configuration coordinate, namely, the TI* 
nearest Cl- neighbor distance with the condition that the re- 
mainder of the lattice rearranges to minimize the total energy. 
A classical distribution of atomic configurations characteristic of 
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the initial state yielded spectra at 80°K and 298°K in satisfactory 
agreement with experiment. 

The quantum-mechanical zero-point energy must be considered 
in deriving the spectra at low temperatures. Examination of the 
potential energy contours for the ground and excited states 
reveal that both systems are harmonic oscillators; therefore, the 
energies of the vibrational levels are* 


where & is the force constant obtained directly from the energy 
contours, and M is the effective mass derived as the following 
function of the masses of Cl- and Kt: 


M=6M (\-+6a°M K+, 


where a is a coupling constant equal to 0.4264. With the quantum 
number # equal to 0, the zero-point energy is found to be 0.00830 
ev for the ground state and 0.00513 ev for the emitting state. 

An exact calculation of the spectra involves summing over the 
matrix elements for all initial vibrational levels combined with 
all final vibrational levels, weighted according to a Boltzmann 
function for the initial levels. This calculation is being investi- 
gated. However, because the accessible final vibrational levels 
involve of the order of 50, the final state may be considered 
classically by the correspondence principle, and only the initial 
state need be considered quantum mechanically. The absorption 
spectrum is 


exp(—E,/kT) deen(—£,8)008 
| Hn(En) | exp( En SAR? 


P(AE)=C 2 

n~0, 1,2--- 
where C is a normalization constant, AE is the transition energy 
from the mth initial level to the potential energy contour for the 
final state, H,(,) is the mth hermite polynomial of &,, and 

=.= (Mk)*/h-*(a,—a0), 

where a, is the configuration of the mth initial level yielding the 
transition energy AE, and ap is the equilibrium configuration of 
the ground state. 


The computed absorption spectra at 4°K, 80°K, and 298°K are 
shown in Fig. 1. The spectra at 80°K and 298°K differ only 
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Fic. 1, Theoretical absorption spectra of KCI:TI at 4°K, 80°K, and 298°K. 


slightly from the classical results.! It is predicted that reducing 
the temperature of KCI:Tl below 80°K will not appreciably 
narrow the absorption band. Similar considerations apply to 
emission. Experimental measurements are in progress in this 
laboratory to test these predictions. The author is indebted to 
M. H. Hebb for helpful discussions. 


a E, Williams, Phys. Rev. 80, 306 (1950); J. Chem. Phys. 19, 457 


a, Eyring, Walter, and Kimball, Quantum Chemistry (John Wiley and 
Sons, Inc., New York, 1944), p. 75. 
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Correlation Energy and the Heat of Sublimation 
of Lithium 


Convers HERRING 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received March 5, 1951) 


ECENTLY Silverman and Kohn! have published a quantum- 

mechanical calculation of the heat of sublimation of metallic 
lithium. This calculation, based on the Wigner-Seitz approach, 
corrects some numerical errors in the previous literature and 
introduces further refinements. In spite of these, they report a 
discrepancy of about 4 kcal/mole between theoretical and experi- 
mental values of the binding energy. One is therefore faced with 
the question: is the discrepancy due to some combination of 
errors in the experimental value and easily correctible short- 
comings of the theory, or does it indicate a basic inadequancy of 
the Wigner-Seitz approach, as has been suggested by Kuhn and 
Van Vleck? in the case of the heavier alkali metals? The object 
of this letter is to show that the former is the case, the discrepancy 
being primarily due to underestimation of the correlation energy 
term in the theory and to adoption of too large a value for the 
experimental heat of sublimation. 

In the Wigner-Seitz method one obtains a solution of the 
self-consistent field problem for an assembly of electrons moving 
in the superposition of the potential fields of all the ions of the 
crystal.** The correlation energy may be defined as the difference 
between the energy of this self-consistent field solution and the 
true ground-state energy of an assembly of electrons moving in 
the given ion core fields. In the past it has usually been assumed 
that the correlation energy for metal electrons is the same as for 
a free electron gas of the same density, for which fairly reliable 
estimates are available.** However, if the electrons in the metal 
have an effective mass m* appreciably different from the true 
electron mass m, it is obviously more correct to use the correlation 
energy for a gas of free particles of mass m*. This procedure must 
be correct in the limiting case of a hypothetical metal with a very 
small number of electrons per atom, since the coulomb matrix 
elements and energy differences among pairs of low energy 
determinantal wave functions will be asymptotically the same as 
for free particles of charge e and mass m*, and since Macke® has 
shown that a quite satisfactory value of the correlation energy 
can be derived from a variational expression involving only the 
matrix elements and energy differences between states whose 
excitation energy is of the same order as the Fermi energy per 
particle. Since electrons with energies>those of the first Brillouin 
zone behave on the average as expected for mass m, the corre- 
lation energy for a half-filled zone may be expected to be inter- 
mediate between the values for m and for m*, probably closer to 
the latter. For mass m*, Wigner’s® expression for the correlation 
energy becomes 0.58/(r.+5.1m/m*) rydbergs per electron, where 
r, is the radius of the sphere equivalent to an atomic cell. For 
lithium, m/m*=0.727', and the correlation expression just written 
exceeds the free electron value by 0.014 rydbergs per atom or 4.3 
kcal/mole. 

The coulomb and exchange energies, for which Silverman and 
Kohn also assumed the free electron values, differ from these 
values by amounts which, though smaller than the above, are 
worth mentioning for completeness. Seitz‘ has shown that the 
former exceeds the value for a uniform charge distribution by only 
about 0.6 kcal/mole. The difference between the exchange energy 
and that of free electrons of the same density is a little larger: 
a rough calculation by a formula due to Hill and the author’ gives 
a value which is numerically smaller by about 2.2 kcal/mole than 
for free electrons. As was shown in reference 7, this formula is 
asymptotically valid for low electron densities, but for the density 
actually occurring it undoubtedly underestimates the exchange 
energy. This error tends to compensate the error in the correla- 
tion estimate of the preceding paragraph. The exchange correction 
calculated in this way has the opposite sign from that computed 
by Seitz.* The latter involves a computational error, since the 
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dominant term in Seitz’ expression arises from the second term 
in his Eq. (25), which can be shown to vanish identically. 

On the experimental side, the heat of sublimation can be de- 
duced from the vapor pressure data in the literature,’ either by 
using the slope of a vapor pressure plot or by using the third law 
of thermodynamics together with estimated specific heats for 
the solid and liquid phases. The two methods do not quite agree, 
and the second, which gives the lower value, is probably the more 
accurate. By this method Kelley® has obtained a value of 36.1 
kcal/mole at 0°K; a more recent but as yet undocumented esti- 
mate of 36.5 kcal/mole has been given by the Bureau of 
Standards." 

Table_I summarizes the comparison of the theoretical and 


TABLE I. Contributions to the binding energy of lithium. 








Theoretical, Silverman and Kohn* 
Coulomb correction 

Exchange correction 

Correlation correction 


34.5 kcal/mole 


—(2.2 or less) 
+-(4.3 or less) 
6.0 

36.5 


ota! 
Experiment, 0°K 








* See the accompanying erratum by Silverman and Kohn; following a 
suggestion of Professor Brooks a correction for zero point energy amounting 
to —0.9 kcal/mole has been added. 


experimental binding energies. The agreement is closer than the 
uncertainty in either. 

I am indebted to Mr. R. A. Silverman for correspondence re- 
lating to these calculations and for communication of the corrected 
results used in Table I. 

1R. A. Silverman and W. Kohn, Phys. Rev. 80, 912 (1950). 

T. S. Kuhn and J. H. Van Vleck, Phys. Rev. 79, 382 (1950). 

E, Wigner and F. Seitz, Phys. Rev. 43, 804 (1933); 46, 509 (1934). 

F. Seitz, Phys. Rev. 47. 400 (1935). 

+E. Wigner, Phys. Rev. 46, 1002 (1934), Trans. Faraday Soc. 34, 678 
(1938). 

*W. Macke, Z. Naturforsch. 5a, 192 (1950 

iC. Herring and A. G. Hill, Phys. Rev. 38, 132 (1940), Eq. (55). 

*H. Hartmann and R. Schneider, Z. anorg. u. allgem. Chem. 180, 275 
(1929); M. Maucherat, J. phys. radium 10, 441 (1939). 
*K. K. Kelley, U. S. Bureau of Mines Bulletin 383 (1935 

10 National Bureau of Standards, Selected Values of Chemical Thermo- 

dynamic Properties (1950). 


Erratum: On the Cohesive Energy of 
Metallic Lithium 
[Phys. Rev. 80, 912 (1950)] 
R. A, SILVERMAN 
Physics Department, Harvard University, Cambridge, Massachusetts 
AND 
W. Koun 
Carnegie Institute of Technology, Pittsburgh, Pennsylvania 
(Received March 5S, 1951) 
HE calculations of the letter referred to above were found to 
contain a numerical error. The corrected Table I of values 
for the cohesive energy of metallic lithium should now read: 


TABLE I. 








Cohesive energy 
(kcal/mole) 


Experimental 36.5 
Power series to order k? 35.2 
Variable coefficients using (4) 34.5 
Power series to order 35.7 
Variable coefficients Auli (5) 35.4 


Method used 











For the source of the changed experimental value see the letter 
of Herring in this issue.! Furthermore, the theoretical value of 
Seitz should be changed to 34.5 kcal/mole. 


1C. Herring, Phys. Rev, 82, 282 (1951). 
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Erratum: Remarks on the Nuclear Resonance Shift 
in Metallic Lithium 
(Phys. Rev. 80, 913 (1950)] 
W. Koun 
Carnegie Institute of Technology, Pittsburgh, Pennsyloania 
AND 
N. BLOEMBERGEN 
Harvard University, Cambridge, Massachusetts 
(Received March 5, 1951) 


ORRECTION of the same numerical error’ which affected 
the letter of Silverman and Kohn, Phys. Rev. 80, 912 (1950), 
changes the value of Py to 0.22. The relevant ratio Pr/P.« is thus 
changed from 1.4 to 1.0. 


1R. A. Silverman and W. Kohn, Phys, Rev. 82, 283 (1951). 


Beta-Aipha-Correlation in the Disintegration of Li* 


J. W. GaRDNeR 
School of Theoretical Physics, Dublin Institute for 
Advanced Studies, Dublin, Ireland 
(Received February 9, 1951) 


Y negative 8-decay, Li® transforms to Be® which is unstable 
against disintegration into two a-particles. The energy liber- 
ated by the entire disintegration Li*-+2He*+-e~+-» is about 15.8 
Mev, and the maximum #-energy (Wo) is about 12.5 Mev.' Less 
than 2 percent of the 8-disintegrations go straight to the ground 
state of Be®, the rest going to an excited state or states of energy 
around 3 Mev.* There is evidence*~§ for both the values 0 and 2 
for the spin of the Be**, but the level width is so great (1-2 Mev) 
that one cannot be entirely certain that there are not two levels 
present, or, on the other hand, that the properties of a single 
level of this width need be uniquely defined. Although the two 
values for the Be** spin may not be mutually exclusive, however, 
it would be useful to see what information the 8—a-angular 
correlation can give on this point, and, incidentally, on the 
forbiddenness of the §-transition (whether first or second for- 
bidden). 

Any evidence of spin 0 would be of a negative character, since 
it is a general result of angular correlation theory* that an inter- 
mediate state of spin 0 means a spherically symmetric angular 
distribution. It remains therefore to examine what predictions 
can be made about the 8—a correlation for a Be** spin of 2 and 
an assignment of the remaining spins and parities, and of the 
8-forbiddenness, consistent with the experimental evidence. Bear- 
ing in mind that Be® must have even parity in both the excited 
state (spin 2) and the ground state (spin 0), and that the transition 
to the ground state is clearly more forbidden than the transition 
to the excited state, we are led to conclude that the only likely 
8-decay schemes for Li*~Be** are: 


(1) 0+-+2+, second forbidden (axial vector interaction) ; 
(2) 3—-+2-++, first forbidden (axial vector or tensor interaction). 


Each of these schemes would be associated with a third forbidden 
transition to the ground state of Be®. Of the two possibilities, one 
would prefer the first, since it assigns even parity’ to the Li®, and 
a second forbidden transition would seem quite consistent with 
the “f?” value* of 2.8X 10° for this disintegration, when its excep- 
tionally high energy is taken in account. 

The 8—a-angular correlation for schemes (1) and (2) has been 
investigated by the methods of Falkoff and Uhlenbeck ;* (1) gives 
a distribution /;(@)~1+-A; cos*@+B, cos*@, and (2) a distribution 
I:(0)~1+-A:2 cos*#. By a general result of reference 8, both dis- 
tributions must become isotropic for the low energy §-particles, 
and must show greatest anisotropy as the f-energy W ap- 
proaches Wo. The coefficient A; cannot be evaluated explicitly, 
since it involves the ratio of unknown nuclear matrix elements; 
A; and B,, however, involve only one nuclear matrix element, 
which may be dropped as a common factor. These coefficients 
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therefore have been evaluated as explicit functions of W, and 
tabulated ; in the notation of reference 8, A1=1/y:(W), Bi =u2(W)/ 
wi(W). For W=Wo, 11(0)~cos*#—cos*@, and, in fact, even for W 
down to }Wo, /,(6) still approximates to a cos*#—cos‘@ distribution 
in that it has a pronounced maximum near 45° (and 135°). For 
example, when W=9.4 Mev the maximum occurs at 42° and 
1,(0°) :1,(42°):7,(90°) =2.3:4.9:1.0. Thus, if only the high energy 
8-particles are used in the 8—a-correlation experiment, the occur- 
rence of a maximum near 45° in the angular distribution will 
be a definite criterion for the applicability of scheme (1), since 
1+ A: cos*@ can never have a maximum between 0° and 90°. If 
the distribution is anisotropic, but with no maximum between 
0° and 90° (at high energies), then we know that scheme (2) 
applies. An isotropic experimental distribution would, as we have 
seen, be evidence for an excited Be® state of spin 0; it would not 
be quite conclusive evidence, however, for it could be that we 
have scheme (2) with the anisotropy of J2(@) too small to be 
detected. By selecting only the highest energy §-particles for the 
correlation, experiment, this latter possibility would be reduced to 
a minimum. Summarizing, then, we conclude that if the B—a- 
angular distribution at high 8-energies shows any correlation at 
all, the Be** has spin 2, and either scheme (1) or scheme (2) applies 
according as the distribution does, or does not, have a maximum 
between 0° and 90°. An isotropic distribution probably, but not 
certainly, means spin 0 for the Be**. 

The work reported above was begun at the Atomic Energy 
Research Establishment, Harwell, England, in connection with 
proposed experiments on the B—a-correlation in the Li® dis- 
integration; the writer is indebted to Messrs. J. M. Cassels and 
T. H. R. Skyrme of Harwell for valuable discussion. 


1D. S. Bayley and H. R. Crane, Phys. Rev. 52, 604 (1937). 
2? W. E. Burcham, Proceedings of Harwell Nuclear Physics Conference, 


1950. 

3 E, J. Konopinski, Revs. Modern Phys. 15, 209 (1943). 

4J. A. Wheeler, Phys. Rev. 59, 27 (1941). 

5S. Devons and G. R. Lindsey, Proc. Phys. Soc. (London) 63A, 1202 
(1950). . 

*C. N. Yang, Phys. Rev. 74, 764 (1948). 

7G. Breit and E. Wigner, Phys. Rev. 50, 1191 ( 


*D. L. Falkoff and G. E. Uhienbeck, Phys. Rev 334 (1950). 
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The Problem of Using Scintillation Crystals as 
Proportional Counters for High Energy 
Particles* 


Francis X. ROSERt AND THEODORE BOWEN 
Department of Physics, University of Chicago, Chicago, Illinois 
(Received January 22, 1951) 


P to about 10 Mev, close proportionality between the energy 

of incident particles and light output in scintillation counters 
is now a well established fact.! In the present investigation an 
attempt has been made to determine whether this proportionality 
still holds for high energy u-mesons and whether the energy loss of 
these particles in the crystal would fit the theoretical formula of 
Bethe and Bloch. 

Lead absorbers were used to select two energy ranges below 
the energy of minimum ionization including all particles (a) from 
29 to 48 Mev, and (b) from 48 to 170 Mev. Particles with energies 
from 170 Mev upwards constituted a separate: group. These 
energy ranges were selected to give an increase in the energy loss 
in equal steps (0.7 Mev/g/cm?). 

The coincidence pulses of the fourfold Geiger-Miiller counter 
telescope (Fig. 1B) initiated the sweep of an oscilloscope. The 
pulses from two RCA 5819 photomultipliers, viewing a cylindrical 
anthracene crystal (both diameter and Jength 1} in.), were delayed 
and appeared on the sweep together with delayed pulses from 
Geiger-Miiller trays, which determined the range of the mesons 
through the lead absorbers. Geiger-Miiller trays on each side of 
the telescope prevented shower particles from triggering the sweep. 

The aperture of the arrangement was 0.08 steradians, giving an 
average counting rate of 8 pulses per hour. An additional 16.5-in. 
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Fic. 1. (A) The histogram shows the distribution of pulse heights found 
for u-mesons of energy greater than 170 Mev passing through the phosphor. 
The smooth curve is the distribution expected on the basis of Landau’s 
theory. (B) Experimental arrangement. 


lead absorber on top was used to cut off u-~mesons below 580 Mev, 
thus increasing the counting rate in the ranges for low energies. 

As shown in Fig. 1A, u-mesons of energy greater than 170 Mev 
(minimum ionization) passing through the crystal give rise to a 
pulse height distribution strongly peaked around the mean value 
of 30.3 Mev. Two conclusions can be drawn: 

(1) Because of the rather small spreading out of the pulse 
height distribution (half-width 20 percent), it is immediately 
obvious that a-particles and other multiply-charged nuclei should 
be completely separable from mesons, protons, and electrons. 

(2) A possible relativistic increase in energy loss for high energy 
mesons cannot be deduced directly, because of statistical fluctua- 
tions in the ionization process which, according to calculations 
performed by Landau,’ are by no means negligible, mainly on 
account of 6-ray production. This impresses a characteristic skew- 
ness on the distribution curve, thus masking the relativistic effect 
which also tends to produce an appreciable asymmetry. However, 
some preliminary indication for such an increase might be deduced 
from the fact that Landau’s curve, normalized to pulse height as 
shown in Fig. 1A, is definitely narrower than the actual distri- 
bution obtained by experiment. The difference between the two 
distributions beyond the maximum (for high energy losses) is 
quite outside the experimental error of the measurements. 

This discrepancy cannot be explained by fluctuations only in 
the multiplicative effect of the phototubes, which under good 
conditions for light collection amount to about 5 percent and 
would certainly affect the distribution equally on either side of 
the maximum. However, such a difference can be satisfactorily 
explained on the basis of the Bethe-Bloch formula for ionization 
loss as corrected by Wick for the density effect, taking into 
account Wilson’s energy spectrum for cosmic rays. 

Further experiments are under way to separate, in more direct 
form, the statistical fluctuations from the expected relativistic rise 
in ionization. Some indication of an increase up to about 10 
percent was reported in photographic plates.’ 

The pulse height distributions in the ranges below minimum 
ionization energy are broader (Fig. 2), owing to the fact that they 
result from the superposition of a great many curves similar to 





LETTERS TO 





29 to 48 Mev 
30 Counts 


= 


48 to 170 Mev 
180 Counts 


a 
in 


fononm 





° 


Lad 
a 
rt 


nr 
° 


a 
r 





ro) 


NUMBER OF EVENTS 


rT wu r r T r 


10 20 60 
PULSE HEIGHT 
(Arbitrary Units) 


Fic. 2. Upper histogram: the distribution of pulse heights for u-mesons 
of energies between 29 and 48 Mev Jrange (a)]. Lower histogram: the 
heavy curve shows the distribution of pulse heights for meson energies 
between 48 and 170 Mev frange (b)]. The light curve is the distribution 
of Fig. 1A, which is shown for comparison. 
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the one of Fig. 1A. This is a consequence of the continuous in- 
crease in energy loss throughout each energy range. 

On the basis of the Bethe-Bloch ionization curve the mean 
increase in energy loss for u-mesons (relative to the loss at mini- 
mum ionization) should be 20.5 percent for range (b) and 61 
percent for range (a). As shown in Fig. 2, the experimental mean 
values are 22.822 percent and 54+7.5 percent above the experi- 
mental mean value for minimum ionization, for ranges (b) and 
(a), respectively. The corresponding shift of the distribution 
histograms in Fig. 2 to higher values of pulse height is clearly 
visible. 

Knock-on electrons, accompanying u-mesons and triggering the 
counter telescope, are necessarily in the range of minimum 
ionization energy. The pulses of minimum ionization, as shown 
in the top histogram of Fig. 2, are obviously due to such knock-ons. 

In view of these results and by considering the energy range (b) 
as the most reliable one, proportionality between energy and 
pulse height within a limit of less than 5 percent seems to be 
strongly indicated for u-mesons up to 170 Mev. This further 
indicates that for other particles one should also expect propor- 
tionality up to the respective energies of minimum ionization. 

We are greatly indebted to Professor Marcel Schein for his 
constant interest in this investigation. 

* Assisted by the joint program of the ONR and AEC. 

t On leave from Universidade Catolica, Rio de Janeiro, Brazil. 

7g, J. Jordan and P. R. Bell, Nucleonics 5, 30 (1949). R. Hofstadter and 

McIntyre, Nucleonics 7, 32 (1950). R. W. Pringle, Nature 166, 11 
ligsoy, S. A. E. Johansson, Ark. r+ iy? 349). 


Landau, J. Phys. U.S. S. R 
: E Pickup and L. Voyvodic, Phys. Rev. 80, 89 (1950), 


The Effect of Electron-Neutron Interaction 
on Spectral Isotope Shifts 
Lawrence WILETS* AND Leg C. Braptey, III 
Palmer Physical Laboratory, Princeton University, 
Princeton, New Jersey 
(Received February 20, 1951) 


AVENS, Rainwater, and Rabi' have reported an electron- 
neutron interaction potential V =5300+-1000 ev, assuming 
a square well of radius r9>=2.8X10-" cm. This interaction may 
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be expected to contribute to the isotopic displacement of spectral 
lines, particularly among the heavier atoms where the large 
nuclear charge results in a considerable electron density for s 
electrons at the nucleus. 

The relativistic density for s electrons near a point charge Ze is 
given by*? 


get 


? 2 2p—2 
Piy= 2(1+p)¥7(0) 2) ia 


(T(2p+1) ¥ 
p=(1—Za*)t 
a=e"/he 
Gy =h?/me* 


where 


and ¥(0) is the nonrelativistic Schroedinger wave function for the 
electron at r=0. If one assumes that the additional neutrons of a 
heavier isotope are to be found primarily near the edge of the 
nucleus, then the contribution to the isotopic displacement for an s 
electron is 
e=4anAR??-, 8V, 

where R is the nuclear radius and » is the difference in atomic 
weight. 

This may be compared with the isotope shift due to the change 
in nuclear radius.*~* If one assumes a uniform charge distribution 
throughout the nucleus, this shift is given by 


12%AZe* 
(2p+1)(2p+3) 
Upon inserting the values for 7) and V, and using the empirical 


formula for the nuclear radius R=1.5X10~"A! cm, the ratio 
between the two contributions to the shifts is given by 


e/(6AW) ~0.0122(29+1)(2p4-3)At/Z cm™. 


For zinc (A = 64, Z=30) this ratio is about 0.024; it decreases 
with increasing atomic number. In deuterium, the 2S level would 
be shifted by 0.36 Mc due to the interaction. 

The above calculations have not considered the distortion of 
the wave function due to the departure of the potential from a 
coulomb field. This effect has been treated in the case of the 
displacements due to the change in nuclear radius,** and has 
been found to reduce the shifts by a factor possibly as small as 0.5. 
A similar correction factor would be expected in the case of the 
electron-neutron interaction. 

* AEC Predoctoral Fellow. 

Ps er, Rainwater, and Rabi, Proc. Am. Phys. Soc. 26, Nos. 1, 58 


2G, pops. Nature 129, 723 (1932). 

3J. E. Rosenthal — G: Breit, Phys. Rev. 41, 459 (1932); G. 
Phys. | 42, 348 (1932). 
«M. F. Crawford and A. L. Schawlow, Phys. Rev. n+ 1310 (1949). 


5 E. K. Broch, Archiv. f. Mat. o. Nat. 48, 25 (194 


AW = Ro—'5R. 
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Magnetic Resonance Absorption in 
Antiferromagnetic Materials 


Tostmiko Oxamura, Yostuaru TorizuKa, AND Yuzo Kojima 
Research Institute for Scientific Measurement, Sendai, Japan 
(Received January 24, 1951) 


HE microwave resonance absorption technique at 3.2-cm 

wavelength has been used to study the magnetic resonance 

absorption in MnS, MnO, and MnSe, which have Curie points at 
—75°C, —151°C, and —123°C,! respectively. 

In the present experiment the specimen, in a form of a thin 
disk, was mounted at the bottom of a rectangular resonant cavity, 
which forms one arm of the microwave bridge and is made of 
transparent quartz plate, whose inside surface is coated with 
silvered thin copper plate. The relative magnetic absorption was 
obtained by observing the Q-value of the cavity, changing the 
dc magnetic field which was applied orthogonally to the rf mag- 
netic field by an electromagnet. 
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1. The curve of resonance absorption versus dc magnetic field 
for MnS at various temperatures. 


Figure 1 shows the curve of resonance absorption versus dc 
magnetic field for MnS at various temperatures ranging from 
—195°C to 60°C. The height of the resonance absorption de- 
creases and the absorption line becomes broader with decreasing 
temperature, especially below the Curie temperature. The position 
of the maximum was found to be at a constant magnetic field of 
3510 oe throughout this temperature range. The half-width of 
the absorption line and the height of the absorption peak for 
MnS, MnO, and MnSe were obtained as functions of the tem 
perature, as illustrated in Figs. 2 and 3, respectively. These 
temperature dependences are quite contrary to those of the 
ferromagnetic materials—namely, nickel, supermalloy,? and ferro- 
magnetic ferrites ;* and it seems to suggest the existence of strong 
local magnetic fields in antiferromagnetic materials.45 The maxi- 
mum resonance field of 3510 oersted was found for all samples at 
the frequency of 9311 Mc. 

These results may be compared with other studies of magnetic 
resonance in antiferromagnetic materials. Trounson and his co- 
workers‘ reported the result of a resonance experiment for Cr203. 
They found a second peak appearing at a lower magnetic field 
below the Curie temperature, and the position of the second peak 
was found to change with varying temperatures. However, we 
have not found such phenomena for MnS, MnO, and MnSe. On 
the contrary, a broadening which might be ascribed to a second 
peak seems to appear at low temperatures on the higher magnetic 
field side of the main peak. 

A resonance condition for antiferromagnetic materials was 
given by S. Nakajima and S. Simizu® using a model proposed by 
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. 2. The half-width of the absorption line as a function of 
temperature for MnO, MnS, and MnSe. 
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Fic. The height of the absorption peak as a function of 
temperature for MnO, MnS, and MnSe. 


Van Vleck ;? they find that when 7 <7, the resonance frequency 
w; is given by 


w=7[1- T. rere a 


where S» is the mean component of an atom’s spin in the direction 
of the antiferromagnetic spontaneous field. If we assume w; to be 
constant in this formula, the resonance field in this formula 
becomes infinite at T= 7,, and the resonance condition at T=0°K 
becomes w:=yHo, the usual expression for paramagnetic reso- 
nance. Although it is difficult to explain the aforementioned 
results by this formula, we intend to examine the resonance 
absorption at higher magnetic fields. 

1 P. W. Anderson, Phys. Rev. 79, 705 (1950). 

2N. Bloembergen, Phys. Rev. 78, 572 (1950). 

*T. Okamura and Y. Torizuka, recently published. 

$ Trounson, Bleil, Wangsness, and Maxwell, Phys. Rev. 79, 542 (1950). 

* D. F. Bleil and R. K. Wangsness, Phys. Rev. 79, 227 (1950). 


*S. Nakajima and S. Shimizu, unpublished 
1 J. H. Van Vieck, J. Chem. Phys. 9, 85 (1941), 
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Erratum: On the Pressure-Volume and Pressure- 
Compressibility Relation of Metals 
(Phys. Rev. 72, 1123 (1947)] 
P. GomBis 
Physical Institute of the University for Technical Sciences, 
Budapest, Hungary 
(Received February 19, 1951) 


N the Letter to the Editor of the above title the formula for 
the compressibility « is incorrect and should be replaced by the 
following one: 
dU 


“2 dR? 6x? dR’ 


where U denotes the lattice energy of the metal and R the radius 
of the elementary sphere. Accordingly, in the pressure-compressi- 
bility diagrams for the alkali and alkaline earth metals (Figs. 2 
and 3) the ordinates have to be divided by 1+4xP, where P 
denotes the pressure and « the compressibility at the pressure P 
represented in the pressure-compressibility diagrams of the quoted 
paper. 


Mirror Levels in Li’ and Be’ 
Ben R. Motrtre.tson 
Institute for Theoretical Physics, University of Copenhagen, Denmark 
(Received March 5, 1951) 


HE recently discovered! leve] in Be’, which appears to be the 
mirror level of the well-known 478-kev level in Li’, has an 
excitation of 429 kev above the ground state. If we assume that 
(n—n) and (p—p) nuclear forces are exactly equal, we must 
account for this 49-kev level shift in terms of the different electro- 
magnetic properties of neutron and proton. The customary treat- 
ment of energy levels in mirror nuclei has considered only the 
effect caused by the differing neutron and proton charge. How- 
ever, it seems that shifts of just the magnitude of that observed 
in Li7—Be’ can occur as a result of the electromagnetic spin- 
orbit interaction. 

The electromagnetic interactions associated with acceleration of 
spin (Thomas effect) and magnetic interactions (spin-orbit and 
spin-spin interaction) are well known from atomic systems and 
must certainly be expected to be present in nuclei. These inter- 
actions are very sensitive to the coupling scheme used and so 
may give information about nuclear structure. In the Li’—Be’ 
mirror system the effect has been calculated assuming that the 
two levels are *P3/2,1/2 (the ground state has /=3/2). The three 
p-state nucleons are assumed to be coupled together in the 
spatially symmetric P-state required by the Wigner thepry of 
nuclear structure.? Gaussian radial dependence is assumed, and 
the parameter which determines the range of the wave function is 
fixed by the experimental coulomb energy difference of the 
Li’— Be’ ground states. For these wave functions only the electro- 
static Thomas effect and the magnetic spin-orbit effect contribute, 
and the calculated amount by which the Li’ doublet energy should 
exceed Be? is 36.8 kev. A radial dependence which has a greater 
variation at the origin than the gaussian can be used to get the 
full 49-kev observed shift. If a wave function is constructed from 
the j-j coupling model with [(ParePas2)oPs/2 Js 2 ground state,* 
and [(ps/2P3/2)oP1/2_j1/2 excited state, the calculated shift is 81.5 kev. 

A j—j coupling model for Li? has been discussed by Inglis‘ 
in which the ground state is a mixture of [(Ps2Ps/2)oPar2Jar2 
and [(Psr2Psr2) 2P 3/2 Jae, while the excited state is [(ParePare)2 
Ps/2_]u2, 3/2,5/2, 7/2. In this case the level shift in the excited state 
is attributed to a change in the coulomb energy. However, the 
lifetime for the y-decay of the excited state is uniquely deter- 
mined by the coupling scheme, since it is a magnetic dipole 
transition, and the half-life predicted on this model is several 
times the experimentally observed value.* The coupling schemes 
discussed above both give half-lives in agreement with experiment. 
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A more complete description of these calculations will appear 
in the Communications of the Danish Academy. 

The writer is pleased to express his appreciation to Professor 
Niels Bohr and the Institute for Theoretical Physics for their 
hospitality and stimulation and to Harvard University for a 
Parker Traveling Fellowship. 

1 Brown, Chao, Fowler, and Lauritsen, Phys. Rev. 78, 88 (1950). 

? E. Feenberg and E. Wigner, Phys. Rev. 51, 95 (1937) 

2 We use the following notation: For Li’? we give first the quantum 
numbers of the neutrons and their coupling, then the quantum state of 
the proton, and finally the total angular momentum; for Be’ interchange 
neutron and proton. 

4D. R. Inglis, Phys. Rev. 77, 724 (1950). 

‘In accord with the angular distribution of the y-rays, we assume that 
only [(p1/2)12)2P2/2) a is found in appreciable amount. The amount of 
admixture of Beate: to the ground state is fixed by the magnetic 


mentee of 
Biliott and R. E. Bell, Phys. Rev. 76, 168 (1950). 


Angular Distributions of Shower Particles as 
a Function of Depth* 
L. EyGes AND S, FERNBACH 

Radiation Laboratory, University of California, Berkeley, California 
(Received February 19, 1951) 


E were nearing the completion of some calculations on the 

angular distribution of shower particles when we found 

that, in a recent journal, Borsellino' had duplicated independently 

some of the first stages of our work. We therefore present our 
results here, insofar as they go beyond Borsellino’s. 

We have calculated the angular distributions of high energy 
electrons and photons in air showers as a function of depth in the 
shower. To do this, we first calculated the moments of these 
functions and then reconstructed the distribution functions from 
the moments. Let +(Zo, E, 0, #)2x0d0dE be the number of elec- 
trons of energy E to E+dE in the solid angle 2x sin6d@=270d8 at 
thickness ¢ (radiation lengths) due to an electron* of energy E> 
at ¢=0. The ath moment, (6*), of this distribution function is 
defined by 


fF +(&, £, 6, nerade 





(0") = 
iL x(Eo, E, 0, 1040 


These moments can be calculated by an extension of the method 
used to calculate the moments at the maximum of the shower.? It 
turns out that the moments depend on Zp, and ¢ only through the 
characteristic parameter s of shower theory.‘ For example, one 
gets, for electrons, 

(8" electrons = (E,/E)"5,(s), 


where 6,(s) is a certain function of s. The expressions we have 
obtained for 5,(s) agree with those of Borsellino.' EZ, in these 
equations is the “characteristic scattering energy,” equal to about 
21 Mev. 

In addition, we have calculated the angular distribution of 
electrons, which we call P(E6/E,, s), from these moments. If we 
call miong.(Fo, EZ, #) the usual longitudinal one-dimensional distri- 
bution function and let x= £6/E,, then P(x, s) is defined by 


m(Eo, E, 0, t)2x0d0dE = mong. (Eo, E, t)dE P(x, s)2x0d0. (1) 


We have calculated P(x, s) for s=0.6 and s=1.5; we have pre- 
viously calculated it for s= 1.0. If s=1.0 corresponds to the shower 
maximum, ‘max, then s=0.6 corresponds to about half tmax, and 
s=1.5 to twice tmax. The shape of P(x, s) is a slowly varying 
function of s, as one would expect from physical considerations. 
Our values are given in Table I. 

Any method such as ours for reconstructing a function from a 
finite number of moments does not give the behavior near the 
origin very accurately; our values for x less than about 0.3 may 
not be reliable. For larger x, they are probably accurate to within 
several percent. 

We call the angular distribution function for photons Q(y, s), 
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The electron angular distribution function P(x, s) defined 
P(x, s)xdx =1. 
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where y=W0/E,, and W 
analogously to P(x, s). 
Q(y, s) is singular at the origin. For s=1, Q(y, 1) appears to 
go as 1/y for small y.? Our method of moments is particularly 
unreliable in determining the behavior of the function at the 
origin if the function is singular. For s=0.6 and s=1.5 a 1/y 
singularity for Q(y, s) is consistent with our results, although it 
seems clear that for s=0.6 the singularity should be stronger 
than for s=1.5. Mainly for ease in expressing the normalization, 
we have assumed that the singularity is exactly 1/y for s=0.6 and 
=1.5. Our results are given in Table II, where we tabulate 
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yP(y, s). We would like to emphasize that the accuracy of our 
relative values for y greater than about 0.3 does not depend on 
our assumption as to the singularity at the origin, and that these 
values are probably good to within several percent. 

* This work was supported by the AEC. 

1A. Borsellino, Nuovo cimento 7, 700 (1950). 

2 We discuss an incident electron for the sake of definiteness, although 
our results hold equally well for an incident photon, provided the energy E 
one is interested in is much less than the energy of = incident particle. 

Eyges and S. Fernbach, Phys. Rev. 82, 23 (1951). 

‘See the second of Eqs. (2.55) to (2.60) in B. Rossi and K. Greisen, 

Revs. Modern Phys. 13, 284 (1941). 


Radial Distribution of Shower Electrons as 
a Function of Depth* 
SIDNEY FERNBACH 


Radiation Laboratory, University of California, Berkeley, California 
(Received February 19, 1951) 


HE radial distribution of shower electrons can be determined 

in the same way as the angular distribution.! The procedure 

is somewhat more involved in that one must calculate the mixed 
radial and angular moments before obtaining the radial moments 
alone. Let the number of electrons of energy E to E+dE in the 
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annular ring between r and r+dr at depth ¢ (r and ¢ measured in 
radiation lengths) be (Eo, E,r,#)2rdrdE when the initiating 
particle is an electron of energy Eo at t=0. We define the mth 
moment as 


m= f~ w(Eo, E,r, rmrdr | (Eo, E, r, t)rdr. 


These moments are calculated by an extension of the method 
previously described.? In this case one obtains (r™) as a function 
of the parameter s, where s is determined from Eo and ¢ by use of 
the relation 

log(Eo/E)+A1’(s)t=0. 


,'(s) is tabulated in Rossi and Greisen’s article. 
The moments are most simply written as 


(r™(s)) = (E,/E)™pm(5). 


Figure 1 shows p(s) plotted for m=2, 4, and 6. 

From these moments we calculate the distribution function 
P,(Er/E,, 8), where P,(Er/E,, s)rdr is proportional to the number 
of electrons of energy E at a depth corresponding to s in an 
annular ring between r and r+dr. The normalization is taken as 
Sc? P(x, s)xdx=1, where x=Er/E,, E, being as usual approxi- 
mately 21 Mev. 

In a previous paper,? we discussed this calculation for the 
shower maximum. This corresponds to an s=1. In addition, we 
have now calculated the two cases s=0.6 and s=1.5 which 
correspond approximately to half and twice the depth at the 
shower maximum, respectively. 

The radial distribution is singular at the origin, this singu- 
larity being of order r~”? at the shower maximum, if we assume 
Moliere’s‘ calculations to give an accurate picture of the shower 
spread for small r. In calculating the present distribution function 
we again assume the functions singular, but have no way of 
specifying the order of the singularity. This means that we have 
to guess the behavior of the function for small r. Since the major 
contribution to the area under the distribution function, namely 
Yr), comes from small r, the amplitude of the function is not 
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greatly changed at large r so long as we continue the curve back 
towards the origin smoothly and make (r°) unity. The shape of 
the function for large r is correct, since it depends only on the 
higher moments and not at all on the type of singularity. The am- 
plitude, however, does depend to a slight extent on how well we 
have guessed the behavior at the origin. The normalization, there- 
fore, may be off by several percent. In Table I we present our 
results for x >0.2, but we do not believe the value for x=0.2 to be 
very reliable. 

* This work was sponsored by the AEC. 

!L. Eyges and S. Fernbach, Phys. Rev. 82, 287 (1951). 

* L. Eyges and S. Fernbach, Phys. Rev. 82, 23 (1951). 

* Rossi and Greisen, Revs. Modern Phys. 13, 285 (1941). 


*G. Moliere, Cosmic Radiation, ed. Heisenberg (Dover Publications, 
New York, 1946). 


The Quadrupole Moment Ratio of Cl** and Cl*’ 
from Pure Quadrupole Spectra* 


RALPH LIVINGSTON 
Chemistry Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 


(Received February 23, 1951) 


R SONANCE absorption lines due to nuclear quadrupole 
splittings were first observed by Dehmelt and Kriiger’ for 
chlorine in ¢rans-dichloroethylene at 90°K. The splitting is caused 
by the interaction of the chlorine nuclear electric quadrupole 
moment with the gradient of the electric field at the nucleus. 
The electric field gradient can be considered to arise from charge 
distribution within the molecule and from other charge distribu- 
tions in the crystal lattice. 

Resonance absorptions similar to the above have been observed 
at this laboratory in several compounds. These are listed in 
Table I. A frequency modulated regenerative oscillator was used, 
and the absorption lines were viewed on an oscilloscope. In making 
frequency measurements, markers formed by harmonics from a 
Signal Corps type BC-221 frequency meter were superposed on 
the lines. The meter was calibrated with harmonics from a 1-Mc 
crystal oscillator which in turn was calibrated against radio 
station WWV at 10 Mc. The measured frequencies in Table I 
should be accurate to 0.01 percent; however, the frequency ratios 
may be somewhat better, because the harmonics selected for the 
Cl? and Cl® measurements were such that only a small part of 
the frequency meter dial travel was used. All frequencies listed 
are the average of eight measurements. Approximately 25-cc 
samples were used, and all observations were made at liquid 
nitrogen temperature (80°K). The relative intensities of the Cl*® 
and Cl’ lines agreed satisfactorily with the isotopic abundance 
ratio. In some cases two absorption lines were seen for each isotope. 
A similar effect has been observed by Dehmelt® for the iodine 
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TABLE I, Measured frequencies and ratios for solid chlorine compounds. 





»(Cl”) Mc “(C 5)/»(CI*) 


Compound 
SOCI: 32.0908 25.2935 
31.8874 25.1331 


»(C) Mc 





22.8432 


POCL 28.9835 
22.8067 


28.9378 
28.3673 


30.1921 
30.1500 


CHCl: 35.9912 


38.3081 
38.2537 


CsHsCl 34. 27.2872 


CHCh 








resonance in SnIy. The effect was ascribed by him to crystallo 
graphically different sets of iodines in the lattice. Each set of 
iodine nuclei thus experiences its own particular electric field 
gradient. The splittings observed here could be caused by the 
same effect. In forming the frequency ratios of Table I, the higher 
Cl frequency (higher electric field gradient) line has been associ- 
ated with the higher Cl” frequency. 

The frequency ratios in Table I should be the nuclear quadru- 
pole moment ratio of Cl® and Cl’, The average gives 


Q(CI*) /Q(CI*) = 1.26878+-0.00015. 


All of the eight ratios agree to within +0.00005. 

Dehmelt and Kriiger’s value for the moment ratio using /rans- 
dichloroethylene was 1.2661 +-0.0002. 

Geschwind, Gunther-Mohr, and Townes’ have recently sum- 
marized published values of quadrupole coupling ratios and shown 
that in many cases the values for the ratio determined by different 
investigators varied outside of estimated experimental errors. The 
variation, at least in part, depended on the molecule used. This 
was also true for the three accurately remeasured values by the 
above authors for CH;Cl, CICN, and GeH,;Cl, which gave ratios 
of 1.2691+-0.0003, 1.2682+-0.0006, and 1.2670+0.0005, respec- 
tively. These measurements were made by observing quadrupole 
splittings in rotational transitions in the microwave region. 
Gunther-Mohr, Geschwind, and Townes‘ considered that a 
reasonable explanation of the variation in experimental values on 
different molecules could be made by assuming a nuclear polariza- 
tion by the external electric field. This effect is absent in the 
measurements reported here. 


* This work was performed for the AEC. 

1H. G. Dehmelt and H. Kriiger, Naturwiss. 37, 111 (1950). 

2H. G. Dehmelt, Naturwiss. 37, 398 (1950). 

3 Geschwind, Gunther-Mohr, and Townes, Phys. Rev. 81, 288 (1951). 
4 Gunther-Mohr, Geschwind, and Townes, Phys. Rev. 81, 289 (1951). 


On Einstein’s Unified Field Theory 
BEHRAM KurgunoGLu 
Fitswilliam House, Cambridge, England 
(Received December 8, 1950) 


OME of the most general implications of Einstein’s new 
theory! are considered in a paper to appear elsewhere. The 

results obtained are described in the following shortened version. 

By neglecting the cubes and higher orders of antisymmetric 
field variables a simple expression for the affine field is found 
in terms of the generalized nonsymmetric tensor a= fab+fa8 
=A.s+%,g, and its first-order partial derivatives gag,y, where 
Aas=£a8= &8a and $ag= £as= —£sa. | am indebted to the referee 
of The Physical Review for directing my attention to a solution 
of the [’-field obtained by Ingraham? in a slightly different way 
from ours. 

The antisymmetric part of the [’-field is given by 


fy = — 5, +A Ppy|n (1) 
subject to the four conditions: 
Tey =P, =A ba7\p=0, (2) 


ent 








290 LETTERS TO 
where the stroke (|) implies covariant differentiation with respect 
to the Christoffel symbols of the Agg-tensor, and 
Tasy=tapyss® (J°=4 “current density” vector), 
and 
Pap, y+P8y, at Pra, p=lasy- 
The complete solution for the [’-field is (approximately) 
= By lA = §A%*(Hp,15 + Pry] hg) 
FAA (D5 Dyy| p+ Pry Pus) tA%?Psy| o— 31 8,. 
The contravariant tensor densities G®°=(—g)tg%® and 
G%¥ =(—g)te%? were obtained by Schrédinger® in the form 
(—A)*[A%(1+0) — oo.) 
(1+2—A*)} 
(—A)i(@78— Ap) 
(1+2-— A?) 





G4= : (4) 


Gv= 


’ 


on 


—! _ ature 
2(—A)+ is 


* 
A=}6%,5 
and 
Q=4o*%H, 5. 


From the field equations G8 g=0, and from Eq. (3) we have 


* 

((—A)i%) g=—J*, GY g=0, 

(A=DetAgs, g=Detgag). 
In this form Eqs. (6) may be compared with Born’s‘ electro- 
dynamics. 

With the assumed approximation for the @’s and identifying the 

Aas-field as in a “Minkowski world,” in the absence of gravitation 
we find that the field equations 


Rag=0, G*.,=0, Ta=0, GY s=0 


(6) 


Intensity Distribution of the First Negative 
(B°x—X*X) Band System of N.+ 
R. G. TURNER AND R. W. NICHOLLS 
Department of Physics, University of Western Ontario, 
London, Ontario, Canada 
(Received March 5, 1951) 
HE theoretical work associated with a laboratory investi- 
gation of the mechanisms of excitation of N2*(B*Z) in 
discharge tubes has required the calculation of the fractional 
transition probabilities of the vibrational bands of the first nega- 
tive system of this molecule. The method of calculation employed 
is in all respects similar to that used in a set of previous calcula- 
tions for the second positive system of nitrogen.! Because the 
first negative system forms an important part of the auroral 
spectrum, and from its measured intensity distribution, conclusions 
may be drawn regarding the state of the upper atmosphere, it 
has been considered worthwhile to present here the results of 
these calculations. 

The fractional transition probability f(v’, v’’), shown for each 
band in Table I, is defined in the expression for the integrated 
intensity J(v’, v’’) of a molecular band: 

I(v', of") =CN(v)E(V’, v') flv’, v”’), 


THE EDITOR 
reduce to 
T'sy,2=0, G2 g=—G"* rig, 


(The equations Tg=0, G% ,=0+6% 9 are equivalent, and 
they represent the vanishing of the magnetic current density in 
Maxwell’s electrodynamics.) 

In a particular Lorentz frame (x, y, 2, ct), the first and the third 
sets of equations of (7) can be put into a vector form as 


b 5=(), (7) 


=—4}VxJ 
. 18E fad [’ 
) = — = a Vv, 
VE ec or i(% + 0) 
1 dH i 
VxXE+-—=0 
% +; at ‘ 
Ae, 
The second set of equations of (7) lead to 
- * * a 
[n™* i@,,d*” = ae > [nF iby” ys oo’) 8 
> 
= —$o3J* 
nu=1, 


(10) 
i, j=1, 2, 3). 
Equations (10) could be regarded as a proof for the compatibility 
of the field equations only if the R.H.S. were proportional to 
the four vector d*x*/ds?; this, on the other hand, is to be looked for 
in the field equations Rag=0. 


(ni; 2 <- bij, nia = nai =0, 


In the above we took _ 
(O23, Py1, Pir; Dai, Par, $y) =(Ei, E:, Es; Mh, Aa, Ai). 


The factor (}) in (8) is due to the fact that gravito-electro- 
magnetic units are not introduced. 

1A. Einstein, The Meaning of Relativity (1950). 

2? Ingraham, Ann. Math. 52, 743 (1950). 

3 FE. Schrédinger, Proc. Roy. Irish Acad. A LI, 213 (1948). 

4M. Born, Nature 132, 282 (1933). M. Born and L. Infeld, Proc. Roy. 
Soc. (London) A144, 425 (1934), 


where 2’ and v” are the vibrational quantum numbers of the two 
levels involved in the transition. N(v’) is the population of 
molecules in the upper level, and E(v’, v’’) is the energy separation 
between the two levels. C, the constant of proportionality is so 
adjusted that 2,» f(v’, v’’)=1 for each v’ sequence. 

In order to express the results as fractional transition proba- 
bilities, it was necessary to perform calculations for some transi- 
tions where bands are not reported to be observed.* These are 
indicated in italics. With the exception of f(5,3) each of the 
f(x’, 7”) values in italics is small enough to suggest that the 
respective band would, in fact, be difficult to observe. The fact 
that (5,3) is not reported in spite of its high f(v’,0”’) value 
perhaps may be explained by its calculated wavelength (A3274.24) 
lying between those of the (3, 3) (A3285.3) and (4, 4) (A3268.1) 
bands of the second positive system. Possibly, development of the 
rotational structure of these bands may tend to overlap and 
obscure (5, 3). Experimental work on this point is in progress. 

Comparison between the aforementioned calculations and a less 
extensive previous set‘ shows fair agreement. 

1R. W. Nicholls, Phys. Rev. 77, 421 (1950). 

2D. R. Bates, Proc. Roy. Soc. (London) A196, 562 (1949). 


*T. R. Merton and J. G. Pilley, Phil. Mag. 50, 195 (1925). 
4D. R. Bates, Proc. Roy. Soc. (London) A196, 223 (1949). 





Taste I. Fractional transition probabilities, f(r’, v’’). Transitions where bands are not reported to be observed are indicated in italics. 
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Proceedings of the American Physical Society 


Minutes of the 1951 Annual Meeting Held at New York, February 1-3, 1951 


HE 303rd meeting of the American Physical 

Society, being the 1951 Annual Meeting, was 
held in the buildings of Columbia University in 
New York City on Thursday, Friday, and Satur- 
day, February first, second, and third, 1951. With re- 
spect to the number of contributed (ten-minute) 
papers this meeting set a new record (291, as against 
273 at the Washington meeting of the previous 
spring). With respect to registration it slumped to 1730 
from the previous high of 2070; this is ascribed to 
chaotic conditions on the railroads. How much of 
this diminished registration is to be credited to the 
American Association of Physics Teachers (AAPT), 
convening simultaneously in Barnard College, we 
cannot know. There were twenty-eight invited 
papers, the givers and the titles of which are shown 
in the following pages commingled with the 
abstracts of the ten-minute papers. Most of these 
were in the field of nuclear physics; one group was 
provided by Brookhaven National Laboratory, and 
afforded an excellent conspectus of its work and 
its opportunities; another came in the main from 
Nevis Laboratory. Aside from nuclear physics, 
there were half-day symposia of our Divisions of 
Electron Physics and of Fluid Dynamics, and 
papers by W. P. Allis, S. Chapman, and J. Bardeen. 
The labors of the Local Committee, headed as 
heretofore by W. W. Havens, were beyond all 
measure and beyond all praise. 

The joint session of the two Societies (APS and 
AAPT) was held in the McMillin Theatre on the 
Friday afternoon. It began with the Retiring 
Presidential Address—under the title ‘‘Molecular- 
Beam Researches in Nuclear and_ Electronic 
Researches” by President I. I. Rabi of our Society; 
continued with the presentation to J. W. Hornbeck 
of the Oersted Medal of the AAPT, and was 
concluded by the Richtmyer Lecture of the AAPT, 
delivered by J. C. Slater under the title “The 
Electron Theory of Solids.” 

The banquet of the two Societies was held on 
the Friday evening in the Grand Ballroom of the 
Hotel New Yorker. The attendance was three 
hundred and sixty-seven. The after-dinner speaker 
was J. R. Oppenheimer, who spoke principally on 
meson theory. 

At the Business Meeting of the American 
Physical Society (held on the Friday morning) the 
Tellers of Election reported the elections of the 
following candidates to the respective offices for 
the indicated terms: President, (1951) C. C. 
LAURITSEN; Vice-President (1951) J. H. VAN 


VLECK; Secretary (1951) K. K. DARROW; Treasurer 
(1951) G. B. PEGRAM; Managing Editor (1951-52) 
S. A. Goupsmit; Councillors (1951-54) R. F. 
BACHER and E. M. PurceLL; Members of the Board 
of Editors (1951-53) M. GOLDHABER, R. SERBER, 
and C. H. Townes. The terms of all commenced 
at the end of this Annual Meeting. Thus, at this 
moment occurred the transfer of the Managing 
Editorship to S. A. Goudsmit from E. L. Hill, who 
had valiantly assumed the burden of this hard and 
all-important task in December 1949 when John 
Tate fell suddenly ill, and had carried it very well 
for all the intervening months. A vote of thanks 
was tendered by the Society to Dr. Hill for his 
exemplary services. The headquarters of Physical 
Review has now taken its leave of the University 
of Minnesota, its generous host for a quarter of a 
century, and has been established at the Brook- 
haven National Laboratory. 

The Society at its Business Meeting on recom- 
mendation of the Council adopted an Amendment 
to the By-Laws, whereby Section 1 of Article VI 
is made to read as follows: 

“1. Each Member of the Society who has paid 
his dues in full shall be entitled to receive Physical 
Review published by the Society, except that a 
member not residing in the United States, Canada, 
or Mexico shall be entitled to receive Physical 
Review only after payment in addition to dues of 
an amount to be fixed by the Managing Editor. 
The Council shall be empowered to fix the terms 
on which members of the Society shall receive 
either Physics Abstracts or Engineering Abstracts.”’ 

Be it said in this connection that the subscription 
price at which Physics Abstracts and Engineering 
Abstracts are sold to the Society by the Institution 
of Electrical Engineers (London) has lately been 
raised; and the purpose of the amendment to the 
By-Laws is to enable the Council to levy an extra 
charge on those members of the Society who desire 
to receive either Journal (it may also become 
necessary to offer a subsidy to these Journals to 
make up for the loss they will sustain if many of 
our members decline to subscribe). A Committee 
has been appointed and has been instructed to 
make recommendations about our future relations 
with Science Abstracts. 

At the Business Meeting the Secretary further 
reported a change in the administration of the 
Society which had been approved by the Council 
two days earlier. Our Constitution does not place 
a ceiling on the size of the Board of Editors; it 
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merely states that not fewer than nine members 
of the Board (and the Managing Editor in addition) 
shall be elected. Some time ago the Council in- 
creased the membership of the Board to twenty- 
four, and appointed nine additional members to 
serve on Physical Review and six to serve on 
Reviews of Modern Physics. Henceforth, all twenty- 
four shall be elected; and each election-ballot will 
carry the names of six candidates to the Board who 
are to serve on Physical Review and two more who 
are to serve on Reviews of Modern Physics, the 
terms being always for three years. The nomination- 
ballot will afford opportunity for eight nominations 
to the Board. 

The Secretary further reported that the member- 
ship of the American Physical Society just before 
the New York meeting stood at 9472; and should 
all the candidates elected at that meeting duly 
enter upon membership before further losses occur 
through death or otherwise, the membership will 
rise to 9740. The treasurer reported that during 
1950 the income of the Society exceeded its ex- 
penditures by about $5000; there is little hope 
that we shall be so fortunate in 1951. 

The Council elected twelve candidates to Fellow- 
ship and two hundred and sixty-eight to Member- 
ship; their names are appended at the end of these 
Minutes. The Council nominated |. I. Rabi and 
S. A. Goudsmit to the Governing Board of the 
American Institute of Physics, and they have been 
duly elected in replacement of W. V. Houston and 
1.3, awe. 

By action of the Council and of the American 
Institute of Physics, a publication charge of ten 
dollars is established for ‘“‘Letters to the Editor of 
Physical Review” regardless of length. As in the 
case of the publication charge (otherwise known as 
“Page charge’), hitherto established for articles, 
payment of this charge will be asked not from the 
author but from the institution which employs him; 
and payment will entitle the author to one-hundred 
gratuitous reprints. 

Those who read the Minutes sedulously will 
remember that at its meeting in Chicago (November 
26, 1950), the Council registered its disapproval of 
certain proposals as to “scientific manpower,’’ and 
instructed a Committee to examine the problem. 
This Committee met in Washington on December 8 
and 9, 1950, and consulted with many people who are 
concerned in this matter. The views which the Com- 
mittee adopted are those which were formulated by 
D. W. Bronk, President of the National Research 
Council, in a letter addressed on December 11, 1950 
to R. L. Clark. This letter is reproduced hereunder, 
and the Council has approved it formally. 

According to reports reaching the office of the 
Society, we have lost through death Hendrik de 
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Wet Botha (South Africa), C. F. Eyring (Provo), 
Eugene Gardner (Berkeley), William Huppert 
(Newark), J. R. Loofbourow (Cambridge), C. D. 
Montgomery (New Haven), and Marcia Keith 
(Braintree) who was one of the six survivors of the 
group who met in May 1899 to organize the 
American Physical Society. 


Elected to Fellowship: A. E. Benfield, J. H. Buck, Lee 
Davenport, V. H. Fraenckel, A. C. Graves, C. P. Keim, 
D. W. R. McKinley, J. R. Risser, F. W. Sears, Samuel Seeley, 
Madeline M. Tate, B. E. Watt. 

Elected to Membership: William E. Abbot, Clarence E. 
Albertson, Leland C. Allen, Kessar Alexopoulos, Robert C. 
Axtmann, Louis L. Bailin, Marvin E. Backman, Russell M. 
Ball, William P. Ball, Michel J. L. Baranger, William A. 
Barker, Thomas E. Banks, John H. Barrett, Richard Baskin, 
Ernest Bauer, Wallace W. Beaver, R. Becker, Joseph G. 
Berick, Irwin I. Bessen, Norman S. Beyer, Daniel G. Bills, 
Ronald H. Bingham, Peter M. Bird, Leroy N. Blumberg, 
Dwain B. Bowen, Raymond F. Boyer, Thomas H. Braid, 
Charles E. Branyan, Joseph X. Brennan, Robert Brennan, 
Albert P. Bridges, Bertram N. Brockhouse, Frank J. Brough- 
ton, Walter L. Brown, George J. Brucker, Keith A. Brueckner, 
Bernard F. Burke, David Bushnell, Melvin Calvin, Frederick 
L. Canavan, Robert S. Carter, Charles C. Cerato, Homero L. 
Cesar, Claude Cherrier, Eugene D. Clayton, Philip Cohen, 
Stanley Cohen, Glover S. Colladay, Jr., Glenn D. Collins, 
Richard V. Collins, Allan M. Cormack, Noel Corngold, 
Andrew W. Crans, Albert D. Crowell, Benjamin P. Dailey, 
Walter Daskin, John S. Derr, Jr., Dr. Hl de Vries, Robert 
W. Dickson David L. Douglas, James E. Draper, Raymond 
V. Dyba, Wilbur E. Dyer, Joseph T. Eisinger, Robert Elioff, 
Myron A. Elliott, Frank O. Ellison, Sven Epken, Burton P 
Fabricand, Auard F. Fairbanks, Waldon Fickett, Frederick 
H. Fisher, Herbert Fishman, Charles H. Fletcher, Ping K. 
Fong, Gilbert C. Ford, Wilson J. Frank, Stanley C. Freden, 
Ephraim H. Frei, Herbert M. Freid, Gordon B. Gaines, 
Charles G. B. Garrett, John D. Garrison, Herbert Glazer, 
Per Gloersen, Leon P. Goldberg, Mark Goldsmith, Lester K. 
Goodwin, Harold L. Greenwald, Roger Grismore, Harold 
Gruen, Alfred S. Gutman, Clarence R. Haave, Eugene 
Haddad, Richard W. Hales, John W. Handin, Harry E. 
Handler, Lester B. Hanson, Eugene R. Hardwick, Jr., 
Nicolas J. Harrick, Don R. Harris, Clifford J. Heindl, James 
W. Henderson, Walter H. Higa, Peter Hillman, Joseph F. 
Hook, Hilda H. T. Hsieh, Kun Huang, Leonard Hubscher, 
Watts S. Humphrey, John L. Hundley, Angus L. Hunt, 
Richard G. Inskeep, Taturo Inui, Ralph E. Jamison, Clark 
E. Johnson, Jr., Richard A. Johnson, Walter H. Johnson, 
Herbert W. Jones, Sister Mary Joseph, I.H.M., Arnold H. 
Kahn, Harmut P. Kallmann, Hildegard K. Kallmann, 
Herbert Kanner, Nisbet S. Kendrick, Jr., John F. Kephant, 
Leroy T. Kerth, Edward J. King, Robert H. Kingston, 
Jerome Kraitchman, John W. Kress, Victor E. Krohn, Jr., 
Murray A. Lampert, Joseph E. Lannutti, John M. LaRue, 
Gordon J. Lasher, Mother Lorraine Lawrence, Dent I. Lay, 
Tsung D. Lee, Robert K. Lewis, Robert A. Levy, Paul R. 
Liller, Gunnar Lindstrém, Theodore A. Litovitz, William O. 
Lock, Duncan H. Looney, John L. Lundberg, Charles A. 
Lundquist, John E. MacDonald, Malcolm H. MacGregor, 
James E. Mapes, Basil Markow, Charles R. Marotta, Ursula 
M. Martius, Robert D. Maurer, Charles E. McCain, Philip 
T. McCormick, Harold V. McIntosh, George L. Meyer, 
Robert F. Meier, William G. Mikel, Richard C. Mockler, 
Walter J. Mordarski, Harry A. Morewitz, Minoru P. Nakada, 
Robert Nathans, Samuel M. Neamtan, Howard W. Neill, 
William B. Nelligan, Lester L. Newkirk, Steven Obuhanich, 
Jr., Daniel J. O’Connor, Chester T. O’Konski, Michael J. 
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Ozeroff, Frank R. Pomilla, Miriam Paul, Rolf Pauli, Melvin 
Pavalow, William W. Piper, Robert G. Pohl, Robert L. 
Powell, Edwin A. Power, Robert L. Poynter, George W. 
Pratt, Jr., Ruggero Querzoli, Karl H. Puechl, Giulio Racah, 
Peter D. Randolph, Ronald L. Reed, Sidney G. Reed, Jr., 
Erich Regener, Alfred J. Reis, Walter J. Rhein, Rex E. 
Richards, Richard P. Riesz, Thomas F. Rogers, Harold E. 
Rorschach, Jr., John Ross, Stefan Rozental, Arthur Y. 
Sakakura, George Salzman, Richard H. Sands, Rolf P. 
Scharenberg, William C. Schupp, Nick A. Schuster, Ruth F. 
Schwarz, Ralph E. Segel, Karl A. Sense, Williard M. Sessler, 
Subrahmaniyan Shanmugadhasan, James W. Shearer, Marvin 
Silver, Howard E. Singhaus, Mriganka S. Sinha, Lars Sjoquist, 
Arnold G. Skrivseth, James R. Smith, Walter J. Smith, 
Wesley R. Smith, William B. Smith, William C. Sneed, 
Robert K. Soberman, Jack A. Soules, Reginald K. Squires, 
Sidney Standil, Alexander Stieber, William P. Stinson, 
Julian Stone, Simon Stopek, Hinko H. Stroke, Alexander V 
Stuart, Edward F. Sturcken, Charles Siisskind, John L. 
Symonds, James H. Talboy, Jr., Katsumi Tanaka, William 
E. Taylor, Lee R. Tepley, Frederick R. Tesche, William J. 
Thaler, Joseph A. Thie, Sigvard Thulin, Hendrik A. Tolhoek, 
Kazuhisa Tomita, Vanna C. Tongiorgi, Bjorn Trumpy, 
Sidney Van den Bergh, Johannes Van der Mark, James J. 
Vasa, William M. Venable, David H. Volman, John F. 
Waddell, Lawrence D. Walker, John M. Walsh, Rudolf W. 
Waniek, Douglas M. Warschauer, George D. Watkins, 
John S. Waugh, Charles R. Whitsett, Jack W. Wild, James 
P. Wittke, Bertram Wolfe, Robert L. Wolke, William W 
Wood, Peter E. Wynter, Philip H. Yuster, Henry Zeldes, 
Paul F. Zweifel, Alfred J. Zmuda. 


KarL K. Darrow, Secretary 
American Physical Society 


Columbia University 
New York 27, N.Y. 


NATIONAL ACADEMY OF SCIENCES 


11 December 1950 

Mr. Robert L. Clark 
Director, Manpower Office 
National Security Resources Board 
Washington 25, D. C. 
My dear Mr. Clark: 

In response to your request of September 7, 1950, to advise 
you on the question of scientific manpower, conferences have 
been held by various scientific organizations, including a 
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group convened by the National Research Council. Their 
reports disagree in certain details regarding their more ex- 
treme features, but essential agreement appears to have 
emerged on the first and most urgently necessary steps. As 
representing this common denominator of agreement, I feel 
justified in sending you the following recommendations; I 
believe furthermore, that they represent the attitude of many 
scientists with whom I have conferred and the Council of the 
National Academy of Sciences and the Chairman of the 
Divisions of the National Research Council. In order, however, 
to give these recommendations official status I am requesting 
a formal vote of the Council of the Academy and am asking 
Dr. Whitaker, Chairman of our National Research Council, 
to poll the Chairmen of the Divisions of the Council. The 
recommendations are: 


1. That a National Scientific Personnel Board (NSPB) 
be established promptly. 

2. The Board (NSPB) should operate under the guidance 
and authority of the NSRB, as its decisions will have 
cumulative effects on many sectors of our economy. 

3. The Board (NSPB) should be authorized and directed 
to establish a Register of professionally qualified scientists 
and engineers in critical fields and students if they are not 
provided for by other mechanisms. 

4. The Board (NSPB) should establish criteria of ‘‘pro- 
fessional qualifications’’ and should be empowered to 
include in the Register related groups other than natural 
scientists and engineers if such should prove desirable. 

5. Directives should be issued requiring each Local 
Draft Board to assign to the NSPB (with credit against 
its quota) any draftee who can qualify for the Register; 
NSPB should be authorized to decide whether the draftee 
is to be assigned to one of the military services or released 
under appropriate controls to special civilian work and 
classified as ‘in Essential Scientific Service.’”” Any draftee 
so classified should not be free to enlist or accept military 
status, but may appeal to the NSPB for review of his case. 

6. This Board (NSPB) should be asked to examine 
continuously the problems relating to professional and 
scientific manpower and to advise the NSRB and the 
President regarding the effective use of those available and 
the maintenance of a continued supply of trained personnel 


The National Academy of Sciences-National Research 
Council will be glad to give advice in formulating the func- 
tions and composition of the NSPB should the NSRB desire 
such assistance. 

It is my belief that this action would pave the way for 
further steps if and when these should become necessary. 

Yours sincerely, 
(SIGNED) Detlev W. Bronk, President 


Errata for abstracts will be found on page 346. 








PROGRAMME 


THURSDAY MORNING AT 10:00 
McMillin 


(C. E. MANDEVILLE presiding) 


Cosmic-Ray Particles; Nuclear Scattering 


Al. Origin and Behavior of Cosmic Rays Observed at 1600 
M. W. E. Underground. K. Greisen, G. Coccont, AND L. M. 
BOLLINGER, Cornell University—tIn a salt mine under 600 
meters of earth, 93 counters were disposed in crossed telescopes 
of large area ($ m*) but small angular resolution (+7°), con- 
taining 14 in. Pb and followed by 21 in. Pb with a double 
counter row underneath. Particles crossing the telescopes 
triggered master pulses which registered, on a hodoscope, 
coincidences with the individual counters underground, and 
with 80 unshielded counters (total surface 3 m*) placed on the 
surface of the ground at vertices of a 43-meter square. The 
observed correlation of particles underground with air showers 
increases from zero at large zenith angles to 14 percent in the 
vertical direction, agreeing with the interpretation that all the 
particles underground were contained in extensive showers 
having more than 500 electrons at the surface. The absolute 
frequency of particles underground agrees with that of surface 
air showers with more than 500 electrons. The absorption in 
21 in. Pb is (1.3+0.26) percent, slightly exceeding the ab- 
sorption in equivalent rock overhead, indicating that the 
penetrating particles are mostly mesons, probably accom- 
panied by occasional penetrating secondaries. Underground, 
penetrating showers are observed in the hodoscope records; 
also groups of parallel particles which appear to be u-mesons 
in cores of large air showers. 


A2. A Study of the Proton Content of the Low Energy 
Hard Component at Sea Level.* G. W. McCiure, Bartol 
Research Foundation.—By interposing between the coincidence 
counters of an anticoincidence absorption telescope a fourfold 
coincidence train of low pressure (so-called “inefficient’’) 
counters, it has been possible to estimate the percentage 
of protons contained in the low energy end of the penetra- 
ting component spectrum. As the sea-level radiation cap- 
able of penetrating 10 cm Pb is chiefly nonelectronic 
and consists mainly of mesons for which the momen- 
tum spectrum is well known, a measurement of the 
counting efficiency of the low pressure train for ail radiation 
penetrating 10 cm Pb allows an accurate calculation of the 
efficiency for particles of any mass and range. A determination 
of the efficiency for counting only the relatively low energy 
radiation absorbed in 5.5 cm Pb below the low pressure train 
leads to the conclusion that a very small fraction of the 
stopped component consists of particles heavier than u-mesons. 
If in fact the absorbed radiation (range between 10 and 15.5 
cm Pb consists solely of mesons and protons, the percentage of 
the latter is 4+5 percent. Systematic uncertainties which 
could affect this result by a few percent will be discussed. 


* Assisted by the joint program of the ONR and AEC. 


A3. Decay Processes Observed in a Multiple Plate Cloud 
Chamber at 10,600 Feet.* H. Bripce, F. Harris, AND B. 
Rosst, M.J.T.—In an experiment designed primarily to study 
the secondary particles from nuclear interactions, we have 
obtained several pictures showing decay processes. In one 
series of measurements the cloud chamber was triggered by a 
penetrating shower detector immediately above it. With this 
arrangement several pictures were obtained in which decay 
occurs either in the gas or in one of the plates. Some of these 


events are inconsistent with the known x—>y or u-e decay 
processes. In one such event a slow particle ionizing several 
times minimum originates in a nuclear event, penetrates 1.7 
g cm™~ Al and decays in the gas giving a charged product at 
about 90 degrees. The decay product goes back to the Al plate 
where it is strongly scattered or else suffers a further inter- 
action. The event is consistent with the decay of a particle 
of mass +900 m, into a r-meson. 


* Assisted by the joint program of the ONR and AEC. 


A4. Boundary Effects in Cosmic-Ray Neutrons at a Water 
Surface.* Author Unknown.—The energy and spacial dis- 
tributions of the neutron component of the cosmic radiation 
were investigated on and below the surface of Echo Lake in 
Colorado. Ten enriched BF; counters connected in parallel 
were used as the neutron detector. The associated circuitry was 
placed on a platform which was erected in the middle of the 
lake. The detector and preamplifier were placed in a water- 
tight box which was supported by lever arms attached to the 
platform. The thermal neutron density was measured at 
different depths by employing tin and cadmium shields about 
the detector. The thermal neutron density was measured at 
different depths by employing tin and cadmium shields about 
the detector. The thermal neutron density decreased down to 
a depth of 30 cm in agreement with the theoretical predictions 
made by Bethe, Korff, and Placzek.! The thermal neutron 
density remained constant below a depth of 30 cm. The 
production rate of 4.2 x 10~* neutrons per gram per second and 
the absorption depth of 138 grams per cm? were calculated 
from the data obtained 50 cm below the surface. These results 
are found to be consistent with the idea that nuclear disrup- 
tions are the main source of neutrons in the cosmic radiation at 
10,600 feet. 


* This work was supported by the ONR and A 
1 Bethe, Korff, and Placzek, Phys. Rev. 57, S73 i940). 


AS. Some Observations on the New Unstable Cosmic-Ray 
Particles.* W. B. FRETTER, University of California, Berkeley. 


been used to observe the unstable particles already reported.'? 
The probability of observation has been increased by making 
the distance between the lead plates two inches instead of 
0.75 inch as in our previous experiments. Twenty cases have 
been seen at sea level where a neutral particle changed into 
two charged particles in the gas and three cases of sudden 
changes of direction in the gas have been observed. In one 
event produced by a neutral, one of the secondary particles 
was heavily ionizing (estimated at about 4x minimum), 
passed through a 0.25-inch lead plate without noticeable 
change in ionization or scattering, and thus must have had 
a mass larger than that of a x-meson. These events all occur 
in penetrating showers and the findings of the previous ob- 
servers are generally confirmed. 

* Assisted by the ONR and AEC, 

1G. D. Rochester and C. C. Butler, Nature 160, 855 (1947). 
ase” Leighton, Hsiao, Cowan, and Anderson, Phys. Rev. 78, 290 


A6. A New Method of Energy Determination of Heavy 
Primaries of the Cosmic Radiation. B. Peters, H. L. Rey- 
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NOLDS,* AND D. M. Ritson, University of Rochester.—Pre- 
liminary measurements have been made on a stack of plates 
exposed at 90,000 feet for 8 hours at Minnesota. Part of the 
stack consisted of 20 plates, each separated by 3 mm of brass. 
Some of the heavy tracks traced through are observed to 
break up into showers of protons, alphas, and heavier frag- 
ments, which can also be followed through the stack. Relative 
scattering measurements have been made for the alphas and 
heavier particles by measuring their separations in successive 
plates and taking second differences. The velocities of the 
alphas and heavy fragments should be similar to that of the 
incident primary initiating the shower on the assumption that 
they could not have experienced appreciable deceleration 
without breaking up. Spurious scatterings can be introduced 
by errors in plate alignment and separation; these systematic 
errors can be eliminated by statistical analysis with showers 
of more than three particles. The highest energy measured to 
date is 26+5 Bev per nucleon (potassium or calcium giving a 
shower of 1 boron, 3 alphas, and 8 protons). The method 
should work up to energies of 100 Bev per nucleon. This work 
was supported by the joint program of the ONR and AEC. 


* AEC Predoctoral Fellow. 


A7. Multiple Scattering Calibration for Cosmic-Ray 
Energy Determinations. L. Voyvopic anp E. Pickup, 
National Research Council, Canada.—Measurements have been 
made on the multiple Coulomb scattering of electron pairs 
produced in photographic emulsions which were exposed to 
the 14- and 17-Mev (p, Li) gamma-rays. This experimental 
scattering calibration will be shown to be in approximate 
agreement with the detailed theories of E. J. Williams and 
others, and the resolution of the multiple scattering technique 
will be discussed. Examples of scattering measurements and 


energy determinations for high energy cosmic-ray particles 
will be shown. 


A8. Scattering of Protons at 31.5 Mev from Be, C, Al, Pb. 
Roy Britren,* Princeton University.—The 31.5-Mev protons 
from the Berkeley linear accelerator were used to bombard 
foils of beryllium, polystyrene, aluminum, and lead. The 
charged particle spectra resulting have been observed at 90° 
and 160° using a sodium iodide crystal’ and photo-multiplier 
as detector. For beryllium, excitation of the known 2.4-Mev 
level was observed, as well as broad or composite levels at 
higher excitation. For carbon, excitation of the known levels 
at 4.3, 7.1, and 9.5 Mev was observed as well as broad or 
composite levels between 10 and 19 Mev. In addition, the 
deuteron group from the reaction C"(p, d)C" was observed. 
The proton groups corresponding to the 4.3- and 9.5-Mev 
levels were strongly anisotropic but no evidence for anisotropy 
was found for the other groups from carbon. The cross sections 
for elastic scattering at 160° ran from 0.15(Be) to 0.64(Pb) 
millibarn per steradian and the ratio of the elastic scattering 
cross section at 90° to that at 160° ran from 8.8(Al) to 10.8(Pb). 
Calculations indicate that no simple model can explain these 
results. A description will be given of a rapid manual method 
for the analysis of pulse-height distributions recorded on film. 


* Public Health Service Fellow. 
1 Franzen, Peele, and Sherr, Phys. Rev. 79, 742 (1950). 


A9. 240-Mev Proton-Proton Scattering.* C. L. OXLey, 
R. D. SCHAMBERGER, AND O. A. TOWLER, JR. University of 
Rochester.—Proton-proton scattering cross sections have been 
measured in the angular range from 90 to 27.5 degrees cg by 
two previously described methods, One method! uses coin- 
cidence scintillation counters within the cyclotron tank. The 
other? distinguishes p-p scattering by magnetic deflection and 
photographic detection. Absolute cross-section values in either 
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case are derived from the beta-activity of the polyethylene 
target and the cross section for the C"(p, pn)C™ reaction.’ 
The cross section shows little variation throughout the angular 
range studied. An absolute cross section of 4.50.5 millibarns 
per steradian is found. Data at smaller scattering angles will be 
presented. 

* Assisted by the joint program of in. ao and ONR. 

1C. L. Oxley, Phys. Rev. 76, 461 ( 


2A. O. Towler and C. L. Oxley, Phys. , = 78, 326 (1950), 
* Aamodt, Peterson, and Phillips, Phys. Rev. 78, 87 (1950). 


Al0. n-D Scattering at 1.4 Mev.* A. M. THORNDIKE AND 
A. W. WotrinG,f Brookhaven National Laboratory.—Neutrons 
of 1.35—-1.50 Mev were produced by deuteron bombardment of 
carbon with the Brookhaven Van der Graaff. A beam defined 
by a paraffin collimator passed through a deuterium-filled 
cloud chamber, and the angular distribution of recoil deuterons 
was observed. Background was reduced by shielding the cloud 
chamber. 374 recoil tracks from a total of 1027 had position, 
range, and angle within acceptable limits. For these tracks the 
background correction was from 4 to 20 percent. The data 
show frequent backward scattering in the center-of-mass sys- 
tem and are consistent, within statistical uncertainties, with 
the ordinary force curve of Buckingham and Massey.' The 
same result has been found at higher energies,2* but these 
results do not rule out the possibility of agreement with im- 
proved exchange force calculations.’ 

* Work performed under the auspices of the AEC. 


t+ Now at Columbia University, New York City. 
1R, A, Buckingham and H. S. W. Massey, Proc. Roy. Soc. A179, 123 


(1941). 
2J. F. Darby and J. B. Swan, Austral. J. Sci. Research 1, 18 (1948); 
E. Wantuch, 


Hamouda, Halter, and Scherrer, Phys. Rev. 79, 539 (1950); 
Phys. Rev. 79, 729 (1950); and others. 

3 Martin, Burhop, Alcock, and Boyd, Proc. Phys. Soc. (London) 63A 
884 (1950). (See note added by Buckingham.) 


All. Nuclear Energy Level in Be®. Kennetu E. Davis, 
Reed College.—Because of its apparent sharpness and clear 
separation from near neighbors the energy level observed in 
the nucleus! of Be® seemed particularly appropriate for the 
study of the angular dependence of inelastic scattering of 
protons. A modified form of a scattering camera developed by 
Wilkins? was used to obtain intensity values for scattering 
angles between 20° and 165° at ten-degree intervals. Pre- 
liminary results indicate a variance with the results predicted 
by Longmire from a simplified model, but the difference is 
readily explainable. The apparent narrowness of the level 
even though it is a virtual one has been of particular interest 
and further study of this characteristic was indicated. An 
attempt has been made to narrow the energy spread of the 
incident beam for this purpose and some success was achieved. 
This work was initiated and carried to near completion at the 
University of Rochester with the assistance of the University 
and the Research Corporation. 


1K. E, Davis and E. M. Hafner, Phys. Rev. 73, 1473 (1948). 
2T. R. Wilkins and G. Kuerti, Phys. Rev. 55, 1134 (1939). 


Al2. Elastic Scattering of Gamma-Rays. Rosert R 
Witson, Cornell University.—Gamma-rays may be scattered 
elastically by atoms in several ways: (a) by Thompson scatter- 
ing from the nucleus; (b) by Rayleigh scattering from the 
tightly bound electrons; (c) by nuclear resonance scattering ; 
and (d) by Delbruck scattering from the electric field of the 
nucleus through virtual pair formation. In the hope of meas- 
uring the last process, a large NaI —Th scintillation detector 
has been used to study the elastic scattering of the gamma-rays 
of Co and ThC” from a lead target. It is possible to dis- 
tinguish the small elastic scattering from the overwhelming 
elastic Compton scattering because of the good energy resolu- 
tion of the detector. Preliminary measurements have been 
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made at various angles from 45° to 135°. At 135°, the cross 
section for the 1.3-Mev Co® gamma-ray is 0.2 mb, and for 
the 2.6-Mev ThC” gamma-ray it is 0.1 mb. These are higher 
than those calculated by Bethe* on the basis of Thompson 
and Rayleigh scattering alone, particularly for 2.6 Mev where 
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the theoretical value is not higher than 0.03 mb. The measure- 
ments are being extended to other elements to exclude the 
remote possibility that the large experimental result is due to 
nuclear resonance scattering. 


*H. A, Bethe, private communication. 


THURSDAY MORNING AT 9:30 


Horace Mann 


(EDWARD TELLER presiding) 


General Theory; Electromagnetic Theory; Gaseous Diffusion 


Bl. Matrix Formalism for Fields of Arbitrary Spin. D. C. 
PEASLEE,* Washington University—Equations of the form 
(8,240, +5C)y =0 are investigated, where 8,°*=-y,'+-- +--+," 
and the y‘ are commuting Dirac matrices. The 6** are redu- 
cible, and one of the irreducible representations has a y for 
which there are (2s+1) “‘large’’ components in the rest system 
and hence describes a particle of spin s. The operators for 
extracting this representation are expressible in terms of the 
general §,2*. The equivalent Klein Gordon equation contains 
only one rest-mass. The 6-matrices provide natural bases for 
constructing the intrinsic m-pole electromagnetic tensor of the 
particle, g*. From the commutation relations of the 8 it 
follows immediately that n<2s. The 6** formalism is directly 
related to those of Dirac and Bhabha; it contains implicitly 
the auxiliary conditions found necessary by Pauli and Fierz. 


* Assisted by the joint program of the ONR and AEC. 


B2. The Partition Function in Quantum Statistics. M. 
DRESDEN, University of Kansas, AND R. L. PEetritz, Catholic 
University.—An attempt has been made, to obtain an alter- 
nate mathematical formulation of quantum statistics. One 
starts in close analogy to the Gibbs ensemble, with a postu- 
late concerning the probability P(m---ni---) of a given set 
of occupation numbers n; in the energy states ¢;. The expres- 
sion for P is similar to the conventional one, except for a 
combinatorial factor which characterizes the statistics. Then 
employing the technique of generating functions, one obtains 
for any statistics, the partition function as a single complex 
integral. For Bose statistics one obtains 


L/kT)= 1 mn ae ‘ 
exp(—¥/ "353 gNt (1-2 exp—«/kT)*" 


The poles of the integrand are determined by the energy levels 
of the system, their multiplicity is determined by the weight 
of the levels. The classical partition function follows exactly 
from this expression, the customary expressions for the other 
statistics follow only after a saddle point integration. This 
approximation is not always legitimate as was observed for 
the case of an ensemble of oscillators. 


1N. H. V. Temperley, Proc. Roy. Soc. (London) 199, 361 (1949). 


B3. On Criticisms of Generalized Boson Theories. ALEX 
E. S. GREEN, University of Cincinnati.—Podolsky’s electro- 
dynamics, the writer’s work in meson theory! and the closely 
related or equivalent work of Bopp, Bhabha, DeBroglie, 
Born and Green, Thirring and others have been criticized in 
various papers by Pais, Feynman, Mathews, Feldman, Pais 
and Uhlenbeck? and others who apparently tend to the conclu- 
sion that it is impossible to give a realistic interpretation to a 
generalized boson theory. We consider the content of the 
critical papers and show that some of the arguments contain 


serious defects. We further show that the totality of these 
arguments does not furnish a substantive basis for any sig- 
nificant conclusion whatsoever. Thus the theories need not 
yet be relegated simply to the role of a powerful convergence 
securing device. The theories have been used formally in 
this manner with ski!l and success by Feynman, Pauli, and 
Villars and others but without regard for basic problems. 
1A. Green, Phys. Rev. 73, 26, 519 (1948); 75, 1926 (1949), 


2A. Pais and G. Uhlenbeck, Phys. Rev. 79, 145 (1950). See this paper 
for other references, 


B4. On the Theory of Thermal Fluctuations, or General- 
ized Noise.* HERBERT B. CALLEN AND THEODORE A. WEL- 
TON,t University of Pennsyluania.—The Nyquist equation for 
the voltage fluctuations (‘Johnson noise’’) in electrical im- 
pedances is generalized. The resulting theorem relates the 
fluctuations of the intensive thermodynamic parameters of an 
equilibrium system to appropriate kinetic coefficients relevant 
to irreversible processes which may occur in the system. Thus 
every generalized impedance function implies a fluctuating 
“force,” related to the real part of the impedance by an equa- 
tion formally identical to the Nyquist relation. Several ap- 
plications are made of the theorem. The law of viscous drag 
of a fluid on a moving body (e.g. Stokes’ law) implies a fluc- 
tuating force and yields the law of Brownian motion. The 
radiation impedance for the electromagnetic radiation from 
an oscillating charge implies a fluctuating electric field in the 
vacuum and yields the Planck radiation law. The acoustic 
radiation impedance of a gaseous medium similarly yields an 
expression for the pressure fluctuations in a gas. 


* This work was supported in part by the ONR. 
t Now at Oak Ridge National Laboratory, Tennessee. 


B5. Element Formation in a Nonstatic Cosmological Model.* 
R. A. ALPHER AND R. C. HERMAN, The Johns Hopkins Uni- 
versity—The problem of element formation in the early 
stages of an expanding universe has been examined according 
to the neutron capture theory.'! Numerical results have been 
obtained on the SEAC (Bureau of Standards Eastern Auto- 
matic Computer) for a variety of initial conditions. The ob- 
served universal relative abundance—atomic weight distri- 
bution can be reproduced theoretically in general trend if the 
neutron-proton ratio is taken as 4:1 at the start of the capture 
process (¢~130 sec in the expansion), and the density of 
matter pm=pol~!, po~4X10-* g/cm*. The effect of initial 
neutron-proton ratio on the density required to fit the ob- 
served abundance distribution will be discussed. 


* Supported by the U. S. Navy, Bureau of Ordnance. 
1R. A, Alpher and R, C. Herman, Revs. Modern Phys. 22, 153 (1950). 


B6. Electromagnetic Induction in Matter of Astronomical 
Dimensions.* W. F.G. Swann, Bartol Research Foundation.— 
On account of induced currents, a highly conducting body of 
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large size finds great difficulty in experiencing a change of 
magnetic flux through any portion of it, so that, indeed, a 
perfect conductor of any size, large or small, can experience 
no change of flux. However, since mechanical forces due to the 
currents invite alteration of dimensions of the matter, it 
becomes possible to realize changes of magnetic flux through 
areas fixed in space and therefore to realize acceleration of 
cosmic-ray particles. A particular case comprising a conduct- 
ing ring of matter which is allowed to expand under the self- 
repulsion of its current elements is worked out in detail, 
showing that if ¢ is the time for the radius of the ring to in- 
crease from ro to R, then t< Mro'(R—ro)/25N?, where M is the 
mass of the ring and N is the initial magnetic flux through it. 
The time actually decreases with increase of N. While the 
flux through the ring as a whole remains constant with the 
time, the flux through a fixed area decreases with the time. 
* Assisted by the Joint Program of the ONR and AEC. 


B7. Mode Representations in Uniformly Stratified Regions. 
N. Marcuvitz, Polytechnic Institute of Brooklyn.—Represen- 
tations of the electromagnetic field in regions possessing a 
symmetry axis can be expressed in terms of guided waves 
travelling parallel or perpendicular to the symmetry direction. 
Such representations, which have different rates of conver- 
gence, require the solution of an eigenvalue problem yielding 
in general both a discrete and continuous spectrum. The 
complete set of eigenfunctions may be determined by contour 
integration of a characteristic Green’s function via the methods 
of Weyl, Titschmarsh, et al. Complete mode representations 
for dielectric slab regions that comprise both discrete (surface 
waves) and continuous modes will be presented. 


B8. Multipole Radiation from Oscillating Systems. P. R. 
WaLiace, McGill University—We develop a systematic ap- 
proach to the analysis of the radiation from a given oscillating 
system of charges and currents, without the use of approxima- 
tions. Using a simple vector identity, the vector potential is 
separated into irrotational and solenoidal parts. The field may 
be expressed in terms of the latter alone. A second vector 
identity involving the operator L also introduced by Franz* 
enables us to separate the field into parts for which the radial 
components of electric and magnetic field, respectively, vanish 
identically. Expansion in spherical harmonics then gives rise 
to magnetic and electric multipoles of all orders. Introduction 
of “tensor spherical harmonics’’t permits the exhibition of 
these radiations in terms of natural multipoles (derivatives of 
1/r) in a manner invariant under Cartesian coordinate trans- 
formations. The angular momenta and radiation patterns of 
the various multipoles may be readily obtained. The fields are 
determined without restriction as to size of radiating system 
(compare wavelength), in the induction as well as the radia- 
tion region. 

* W. Franz, Z. Physik 127, 363-370 (1950). 

¢ P. R. Wallace, Can. J. Research A26, 99-114 (1948). 


B9. Radiation from a Nonmetallic Wave Guide. RoBERT 
M. WuitMeR, Rensselaer Polytechnic Institute —In an earlier 
paper’ it was shown that a part of the field about a dielectric 
guide cannot be described by modes, but is given by a branch- 
cut integral. For a line source in a plane guide, this integral 
has been calculated at a point far distant from the source. The 
nonmodal field behaves like H,'(kr) sina, where & is the propa- 
gation factor in the medium surrounding the guide, and a 
is measured from the axis of the guide. This field is radiated, 
not guided. Comparisons of radiated and guided power will 
be discussed. 

1 Robert M. Whitmer, Proc. IRE 36, 1105 (1948). 


B10. Random-Flight Treatment of Gaseous Diffusion. 
PauL PITKANEN, Rice Institute, AnD W. H. Furry, Harvard 
University—If one constituent of a gas mixture is present in 


297 


very small concentration, the diffusion coefficient Di: can be 
found by solving the problem of random flights for a single 
molecule. The random-flight picture has ordinarily been used 
with the assumption that successive free paths are entirely 
independent, but a formulation can be obtained that takes 
complete account of correlations of speed and direction. The 
determination of D,: is made to depend on the solution of an 
integral equation, and a procedure of solution by successive 
approximations suggests itself rather naturally. The results 
for the first two approximations are obtained without undue 
labor and agree with the results of the standard Enskog- 
Chapman theory. That the agreement would hold in all 
approximations is evident from the fact that the same integral 
equation can be obtained from the standard formalism in the 
given case of infinitesimal concentration. The random-flight 
approach provides both a derivation of the key equation from 
simple physical considerations and a method of solution con- 
siderably less complicated than that of the traditional treat- 
ments. 


Bll. A Simplified Treatment of Gaseous Diffusion for 
Arbitrary Concentration. W. H. Furry, Harvard University.— 
When the constituents of a mixture of gases are present in 
comparable concentrations, the random-flight picture cannot 
be used to give a reliable account of diffusion. Correlations 
between the effects of collision on the two colliding molecules 
and between the diffusion of one constituent and that of the 
other make it impossible to base an adequate treatment on a 
description of the prolonged wandering of a single molecule. 
It is then natural to proceed by considering the distribution of 
velocities of molecules in a volume element as accounted for 
by the place of each molecule’s last previous collision and its 
fate in that collision. To make the resulting equations man- 
ageable, one must assume a stationary case with all quanti- 
ties independent of two of the rectangular coordinates. The 
t-eatment is in its geometrical structure somewhat reminiscent 
of crude “‘mean free path’”’ arguments, but is entirely accurate 
within the usual assumptions of gas theory. It leads to a pair 
of integral equations that are also contained in the Enskog- 
Chapman formalism, and that can be treated by a fairly 
simple method to obtain the known approximate results. 


B12. Effect of Turbulence in Thermal Diffusion Columns.* 
Joun DonaLpson AND W. W. Watson, Yale University.— 
Contrary to the specification of the Furry, Jones, and Onsager 
theory that the gas flow in thermal diffusion isotope separa- 
tion columns must be lamellar, we find that some turbulence 
improves markedly the separation factor and transport. Our 
measurements are made with hot-wire columns 3 meters long, 
power input ~725 watts, using argon gas. At pressures three 
times that for onset of general turbulence the separation 
factor q, is still 1.5. When spacers consisting of pairs of 40-mil 
Ni wires are attached to the vertical hot wire every 10 cm along 
its length, g, for optimum pressure rises from 9.1 to 27.5, 
while spacers every 5 cm increases q, further to 36. The op- 
timum pressure at the same time increases from 0.17 atmos 
(no spacers) to 0.28 atmos. For a similar column with a plain 
hot wire but having constrictions every 15 cm in the cold wall 
wall g, is 26.6. Analysis of our data shows that the coefficient 
of remixing by convection drops by a factor of 3 when the 
wire carries 10-cm spacers. Since for each of these operations 
equilibrium is attained in about the same time (6 hours), this 
introduction of regularly spaced swirls in the gas produces a 
decided increase in efficiency. 

* Assisted by the AEC. 


B13. Self-Diffusion in Capillaries at Low Pressures.* 
StpneEy VisNER, Carbide and Carbon Chemicals Division.— 
The self-diffusion coefficient of xenon was measured in capil- 
laries of 0.0025 and 0.025 cm radius, using Xe-131 grown from 
1-131, as a tracer. Pressures ranged from 0.003 to 15.8 mm Hg, 
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corresponding to radius to mean free path ratios, r/A, from 
0.001 to 65. Capillaries were investigated of half-length to 
radius ratio, L/r, of 65, 9.8, and 2.7. Two chambers were con- 
nected by capillaries and the relative concentration in each 
chamber was measured directly with counters. The results 
from capillaries of L/r 65 but not from L/r 9.8 agree with the 
Pollard-Present! theory in which # (mean molecular velocity), 
r/d, and L/r are the only parameters. However, in the limit 
of zero pressure, the coefficients for all tubes, 0.640r, 0.55or, 
and 0.430r, agree with Clausing.? The extrapolation to 0.660r 
for infinite length tubes agrees with Knudsen’s diffusive flow 
coefficient. The coefficient extrapolated to 76 mm Hg pressure 
is 0.058 cm?/sec-+2 percent at 27.3°C, 25 percent higher than 
reported elsewhere* but in agreement with calculations.‘ 

* Work performed under contract with AEC. 

1W. G. Pollard and R. D. Present, Phys. Rev. 73, 762 (1948). 

2 P. Clausing, Physica 9, 65 (1929). 


?W. Groth and P. Harteck, Z. Electrochem. 47, 167 (1941). 
‘ Hirschfelder, Bird, and Spotz, Chem. Revs. 44, 205 (1949). 


B14. Hydrodynamic Equations of Diffusion. M. H. Joun- 
son, Naval Research Laboratory.—The interdiffusion of ionized 
and neutral gases in a magnetic field has been treated by kinetic 
theory methods.! The problem can also be handled with a 
phenomological definition of the diffusion coefficients as a 
starting point.2 The assumption that each gas satisfies the 
ideal gas law then leads to the conception of a frictional force, 
exerted by one gas on another, which is proportional to their 
relative velocity and is inversely proportional to their diffu- 
sion coefficient. The hydrodynamic equations, which follow 
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from the equilibrium of forces on each gas, determine the 
diffusion currents when the external forces are known. Explicit 
solutions for the diffusion currents sre the previously found 
relations! between the currents and the diffusion coefficients 
of the various pairs of gases. Moreover, the hydrodynamic 
equations show that, in the absence of external forces, the 
motion is adiabatic and that, if external forces are present, 
the work done appears as heat generated by the friction of 
relative motion. 


1T. G. Cowling, Proc. Roy. Soc. (London) A183, 453 (1945). 
2M. H. Johnson and E. O. Hulburt, Phys. Rev. 79, 802 (1950). 


B15. Calculation of Vibrational Relaxation Times for Gases 
and Gas Mixtures. R. N. Scuwartz, U. S. Naval Ordnance 
Laboratory.—Using the method previously described by the 
author,* the vibrational relaxation times for gases such as Ox, 
No, Cle, Bre, and gas mixtures such as Clz—No, Cl:—Haz, 
Cl,— He, Cla —CO, N:—O2, N2—H2, N2—CO, N2—A, O2:—Hz, 
O;—CO, and O.—A have been computed. The intermolecular 
force field was approximated by an exponential form. The 
numerical constants appearing in this form were derived 
from viscosity and diffusion data. The calculated values of the 
relaxation times agree well with experimental values, where 
such values are available. The case of Cl,—CO, where the 
agreement is not so good, is discussed as an example of a class 
of impurities that is different from the others listed above. 
The method of calculation presented can be applied to poly- 
atomic molecules. 

*R. N. Schwartz, Phys. Rev. 79, 546 (1950). 


THURSDAY MORNING AT 9:30 
Pupin 301 
(W. W. BUECHNER presiding) 


Reactions of Transmutation and Nuclear Energy Levels 
(Lighter Elements Mostly) 


Cl. Gamma-Ray Energy Measurement of the Tritium 
(p, Y) Reactions.* R. S. RocuLin anp B. D. McDANIEL, 
Cornell University—A preliminary measurement has been 
made of the energy of the gamma-radiation! from the reaction 
T*(p, y)He*. Tritium absorbed in a zirconium target was 
bombarded by 0.94+0.06-Mev protons from the Cornell 
cyclotron. The gamma-rays emerging at 38° in the laboratory 
system were detected by a pair spectrometer,’ which indicated 
a line of mean energy 19.9+0.6 Mev. Considering the proton 
energy and Doppler effect, this corresponds to a Q value of 
19.2+0.6 Mev available from the mass change, which is to be 
compared with the value Q=19.78+0.07 Mev obtained from 
mass tables.? The observed line width at half-maximum, ap- 
proximately 8 percent, is no greater than the probable resolu- 
tion width of the spectrometer, in which a 0.003-in Pb radiator 
was used. More precise measurements are planned. 

* Assisted by the ONR. 

1 Argo, Gittings, Hemmendinger, Jarvis, and Taschek, Phys. Rev. 78, 
NK. L. Walker and B, D. McDaniel, Phys. Rev. 74, 315 (1948). 

2H. A. Bethe, Elementary Nuclear Theory (John Wiley and Sons, Inc., 
New York, 1947). 


C2. Angular Distribution of the Ground-State Deuteron 
Peak from the Be*(p, d)Be® Reaction.* J. A. Harvey, M.J.T. 
—The intensity of the ground-state deuteron peak from a thin 
beryllium target has been measured from 20°-140° at proton 
energies of 8, 7, 6, and 5 Mev. The protons were obtained from 
the M I.T. cyclotron and the deuterons detected by a triple 


proportional counter as previously reported.! Preliminary 
results indicate that the differential cross sections at these 4 
proton énergies are the same within 20 percent, both in 
absolute value and in angle. The angular distributions are 
approximately isotropic from 140°-70° and rise rapidly in 
the forward direction; the intensity at 20° is 15 times that at 
70°. The differential cross section at 90° is approximately 2 
millibarns/steradian. Previously reported work with proton 
energies from 0.6 to 1.0 Mev show the distribution to be more 
strongly forward for the higher energy. The observed simi- 
larity of the distribution between 5 and 8 Mev is not in agree- 
ment with a simple pick-up process. A similar forward distri- 
bution has been observed in the Be%(d, t)Be® reaction with 
14-Mev deuterons by H. E. Gove. 

* This work has been supported in part by the joint program of the ONR 


and AEC. 
we Boyer, Gove, Harvey, and Deutsch, Phys. Rev. 78, 344 


C3. The Alpha-Spectrum from the Deuteron Bombard- 
ment of Beryllium. R. W. GeLinas ANp S. S. HANNa,* Johns 
Hopkins University.—In the search for excited states of Li? 
by means of magnetic analysis of the Be*(d, )Li? reaction, 
previous investigators’? have covered a region up to an excita- 
tion energy in '.i? of about 3.5 Mev. The investigation made 
by Inglis* revealed the rise of a broad peak or plateau of alpha- 
particles above E.x=2.5 Mev, which was attributed to the 
three-particle reaction Be®(d, 2a)H*. We have continued this 
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investigation, covering a region up to E.x=5.6 Mev, and have 
confirmed the presence of this reaction which produces a 
strong continuum throughout the region analyzed above the 
threshold. Between E,x=3.2 and 4.5 Mev the intensity is 
fairly constant; between E.x.=4.5 and 5.1 Mev the observa- 
tions are obscured by Li*** recoils which cannot easily be 
distinguished from alphas at the particular bombarding energy 
employed (680 kev) ; above E..=5.1 Mev the intensity of the 
continuum appears to diminish. The possibility that a homo- 
geneous group of alpha-particles might be obscured in the 
continuum (or the Li recoils) will be discussed. 
* Assisted by a contract with the AEC. 


'W. W. Buechner and E. N. Strait, Phys. Rev. 76, 1547 (1949). 
2D. R. Inglis, Phys. Rev. 78, 104 (1950). 


C4. Angular Distribution of High Energy Neutrons from 
Targets Bombarded with 110-Mev Protons.* Kari Straucu,t 
Harvard University—The well-known carbon detection 
method! has been used to measure the angular distribution of 
neutrons of energies above 20 Mev emitted from Be, C, Al, 
Cu, and Pb targets bombarded with 110-Mev protons. The 
targets were situated at a radius of 40 inches inside the cyclo- 
tron tank and polystyrene detectors were placed at various 
locations on the tank wall behind Dural absorbers. An angular 
range from 0° to 63° (with gaps due to obstructions) could be 
covered. Preliminary results give similar neutron distributions 
from Be, Al, Cu, and Pb targets with full widths at half- 
intensity from 54° to 59° in the center-of-mass system. The 
angular distribution from C has a flat peak possibly because 
of the high threshold energy of the (p, m) reaction. The in- 
fluence of neutrons originating from sources other than the 
target will be discussed and the results compared with similar 
data taken with 340-Mev protons.” 

* Assisted by the joint program of the ONR and AEC. 

t Society of Fellows. 


1 Helmholz, McMillan, and Sewell, — Rev. 72, 1003 (1947). 
2 Miller, Sewell, and Wright, UCRL 7 


CS. Angular Distributions of Fast Neutrons from Deuteron 
Bombardment.* K. H. Sun, D. Harris, F. A. PECJAK, AND 
B. JENNINGS, Westinghouse Research Laboratories, AND A. J. 
ALLEN AND J. F. Necwaj, University of Pittsburgh—The 
angular distribution of neutrons from Be bombarded by 15- 
Mev deuterons was measured using the F!%(n, 2n)F!* and 
Ta!*(n, 2n)Ta'®* reactions, with thresholds at 10.8 and 7.7 
Mev, respectively, as detectors. Some 0.8-cm strips of 0.006-in. 
Teflon (C,,Fe,) and 0.0003-in. tantalum were supported on a 
7.84-cm diameter ring surrounding the target. The neutron 
distribution was obtained by cutting the strips into 3° to 9° 
segments and measuring the activities of the F!* and Ta!*®. 
The distribution, using a Ta-detector, was a single forward 
peak with a width at half-intensity of 54° similar to that 
found with the low threshold (0.97 Mev) S®(n, p)P® detector.' 
Using the F-detector, two well resolved forward peaks with a 
separation of 30° were found. Because of the high neutron 
threshold of the F-detector only neutrons from Be(d, n) and 
none from Be(d, 2m) were detected. The thicknesses of the 
Be-targets in these experiments were effectively reduced on 
account of the characteristics of the high threshold detectors 
used. 

* Assisted by the joint pr 


1 Allen, Nechaj, Sun, and 
Phys. Rev. 77, 782 (1950). 


ram of the ONR and AEC. 
ennings, Phys. Rev. 76, 188 and 463 (1949); 


C6. Slow Neutrons from the Deuteron Bombardment of 
Light Elements.* E. B. Tucker,t Yale University.—A 
BF? proportional counter has been used to determine neutron 
thresholds in several (dn) reactions. Results for C"(dn)N™ 
show that only the resonance levels of the compound nucleus 
N*™ are observed. Deuteron bombardment of the elements 
Li, Be, B, and F gives thresholds which indicate the existence 
of a number of levels which are assigned to the various final 
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nuclei. Be® targets yield the previously reported level'~* at a 
bombarding energy of 0.92 Mev as well as another level at 2.3 
Mev. The Li?(dn)Be® reaction yields thresholds at deuteron 
energies of 0.75 and 2.1 Mev; B"(dn)C* at 1.1, 1.9, and 3.4 
Mev; F'*(dn)Ne*® at 1.3 Mev. No thresholds which could be 
attributed to B'°(dz)C™ were observed. The energy determina- 
tions involved the stopping power of helium relative to air, 
and a determination of this quantity agreed with Mano’s* 
results. 

* Supported by the joint program “as the ONR and AEC. 

+t Now at University of Minnesota, Minneapolis, Minnesota. 

! Evans, Malich, and Risser, Phys. Rev. 75, 1161 (1949). 

? Bonner, Butler, and Risser, Phys. Rev. 79, 240 (1950). 


*W. D. Whitehead and C. E. Mandeville, Phys. Rev. 77, 732 (1950) 
* Mano, J. phys. radium 5, 628 (1934). 


C7. The Angular Distribution of Li*'(n, a)H* for 270-kev 
Neutrons. James H. Roperts, LILLIAN DARLINGTON, AND 
Jack HauGsnes, Northwestern University.—The angular dis- 
tribution for Li*(, a)H* for 270-kev neutrons is being de- 
termined by track measurements in Li* loaded 1004 C2 emul- 
sions. The angle between the direction of neutron incidence 
and the triton tracks is measured for all tracks meeting geo- 
metrical selection criteria. The plates wrapped in cadmium 
were exposed by J. Morris Blair to Li?(p, »)Be’ neutrons from 
the Argonne electrostatic generator. About 1500 tracks have 
been measured and divided into 15° intervals in the center-of- 
mass system. The tracks produced by epithermal neutrons are 
resolved from the main group for three angle intervals around 
the forward direction. These may be used to calculate the 
epithermal background for all intervals assuming these tracks 
to be distributed isotropically. The distribution is highly 
asymmetric. The triton yield is highest in the forward direc- 
tion, has a large dip near 90°, and rises to a moderate height 
in the backward direction. The data has been fit to a cosine 
series indicating a predominance of p-neutron capture with a 
small contribution from s-neutrons. 


C8. Relative Angular Distribution of the 17.6- and 14.8- 
Mev Lithium Gamma-Rays.* M. B. Srearns anv B. D. 
McDanlikEL,Cornell University —Earlier measurements of the 
relative angular distribution of the 14.8- and 17.6- Mev gamma- 
rays from lithium are in disagreement. Devons and Hine 
using a pair spectrometer and a 10-kev target,'* obtained the 
result that to an accuracy of 20 or 30 percent no variation of 
the relative intensities exists. H. Waffler,? using the reaction 
C(-y, 3a) for the detection of the gamma-rays in photographic 
plates, obtained a ratio of about 2.7 for the relative intensities 
at 90° and 0°, and about 1.8 for the ratio at 45° and 0°. Using 
a pair spectrometer and bombarding a thick target with 500- 
kev protons, we have made measurements at 0, 35, and 70 
degrees. Defining R to be the ratio of intensities of the 17.6- to 
the 14.8-Mev lines, we obtained the values Ras/Ro = 1.06+0.05 
and R1/Ro=1.01+0.05. This would indicate that the protons 
producing the narrow resonance at 440 kev are s-protons. 
Measurements are also being made bombarding a thin target 
with 1-Mev protons. This should produce evidence as to 
whether the ground state and the 3-Mev level of Be* have 
the same angular momentum. 


* Assisted by the ONR. 
1S. Devons and M. G. N. Hine, Proc. Roy. Soc. (London) A199, 56-73 


(1949). 
? Proc. of the Harwell Nuclear Physics Conf., September 1950. 


C9. Energy Levels in Li’. H. E. Gove anp J. A. Harvey,* 
M.I.T.—The spectra of inelastically scattered protons, deu- 
terons, and alphas of incident energies 8, 14, and 31 Mev, 
respectively, from lithium and the alpha-spectrum from 
Be®(d, «)Li’ have been studied using the M.I.T. cyclotron and 
apparatus previously reported.' In all four reactions a group 
corresponding to a level in Li’? with a mean value of 4.77+0.10 
Mev has been observed. In addition, an alpha-group from 
Be®(d, «)Li’ has been observed which would correspond to a 
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level in Li? at 7.54+0.17 Mev. This agrees with the observa- 
tions of Blair. Recent work by Adair* indicates an alternative 
interpretation of the results found by Blair and this point will 
be discussed. Aside from the well-known level at 480 kev and 
the ones reported here no additional levels in Li? have been 
found. 

bt work has been assisted by the joint program of the ONR and the 


: ' Livingston, Boyer, Gove, Harvey, and Deutsch, Phys. Rev. 78, 344 


(1950) 
tj. M. Sates quoted by Goldsmith, Ibser, and Feld, Revs. Modern Phys 


19, ys (1947 
x, Adair, Phys. Rev. 79, 1018 (1950). 


C10. The Excitation Function for B(d, a)Be*. W. D. 
WHITEHEAD,* Bartol Research Foundation.—The excitation 
function for the B'°(d, a)Be® ground-state group and the first 
excited level have been determined by bombarding thin 
targets of isotopically enriched boron (96 percent B') with 
deuterons from the Bartol Van de Graaff generator and ob- 
serving the a-particles with an argon-filled proportional 
counter at 90° to the beam. The bombarding energy was 
varied from 0.5 Mev to 1.6 Mev in 0.1-Mev intervals; and 
both curves have evidence of a resonance at 1.05 Mev, which 
gives a level in C” at 26.1 Mev. 

* Sponsored by a joint program of the ONR and AEC. 


Cll. Gamma-Rays from Deuteron Bombardment of B”, 
B", N", and F'*.* James TERRELL, Rice Institute—A pair 
spectrometer has been used to analyze the high energy 
gamma-ray spectra produced by bombarding thick targets of 
natural boron, enriched boron (96 percent B'*), nitrogen, and 
fluorine with 1.56-Mev deuterons. The resolution used was 
about 10 percent. The B'°+D spectrum shows gamma-rays of 
4.52, 6.74, and 9.11 Mev,with possible unresolved lines be- 
tween these values. The spectrum from B"+D, partially 
masked by the strong B'°+D gamma-rays, shows a single 
4.5-Mev gamma-ray, ascribed to the level of that energy in 
C"; this is identical with the Po-Be gamma-ray spectrum! 
from C®*. The nitrogen target produced strong gamma- 
rays of energy 5.35, 7.48, and 8.51 Mev, with some indication 
of unresolved lines at 4.4 and 6.5 Mev. The F¥®+D spectrum 
shows high energy gamma-rays of energy 8.1, 9.4, and 11.7 
Mev. In any of these spectra lower energy gamma-rays may 
be present though undetected, because of the large variation of 
spectrometer sensitivity with energy. 


* Assisted by the joint program of the ONR and AEC. _ : 
+ AEC Predoctoral Fellow; now at Western Reserve University, Cleve- 


land, Ohio. 3 
1J. Terrell, Phys. Rev. (to be published). 


C12. High Energy Photo-Protons from Carbon.* D. 
WALKER, Cornell University—Protons with energies up to 
more than 120 Mev have been observed to be emitted by a 
carbon target under bombardment by bremsstrahlung y-rays 
from an electron synchrotron operated at 190 Mev. These 
high energy protons are emitted preferentially in the forward 
direction. The relative numbers of protons with energies 
exceeding 90 Mev, emitted per steradian at angles to the y-ray 
beam of 30°, 60°, 90°, and 135° in the laboratory system, are 
approximately 3.5:2:1:0.2. For 90-Mev protons emitted at 
30°, the nuclear cross section per steradian per Mev of proton 
energy per Q is of the order of a micro-barn, where Q is the total 
energy in the y-ray beam divided by the maximum y-ray 
energy. The number of protons exceeding an energy E de- 
creases at least as rapidly as E~ for E in the vicinity of 100 
Mev. These results cannot be explained by a compound 
nucleus model. They are, however, in qualitative agreement 
with a two-nucleon model.! 


* This work was performed under contract with the ONR. 
1 J. Levinger (see following abstract). 


C13. High Energy Nuclear Photo-Effect.* J. S. LEvinGer, 
Cornell University.—The production of high energy protons! 
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(40 to 250 Mev) by the nuclear photo-effect has been estimated 
using Heidmann’s two-nucleon model? for the nuclear wave 
function. The cross section for the nuclear photo-effect has an 
energy dependence, and an angular dependence, similar to that 
for the deuteron photo-effect.* In the deuteron photo-effect 
there will be an upper limit Zo to the proton energy spectrum, 
corresponding to the maximum photon energy. The energy 
spectrum of protons produced by a bremsstrahlung photon 
spectrum varies roughly as E~, for E less than Eo. For E 
greater than Eo, the energy spectrum decreases more rapidly. 
High energy protons have a strongly forward angular distri- 
bution in the laboratory system. The differential cross section 
for production of 90-Mev protons from carbon, at 30° in the 
laboratory system, is estimated as the order of 30 microbarns/ 
steradian per photon (of 180 Mev), or 0.3 microbarn/ 
steradian Mev, per Q. 

* This work was performed mater contract with the ONR. 

1D. Walker, previous abstrac 

5 i eleean, Phys. Rev. 80. ‘171 (1950). 


Schiff, Phys. Rev. 78, 733 (1950); 
Phys iv 78, 738 (1950). 


J. Marshall and E. P. Guth, 


C14. Photo-Proton Yields. ArNE LuNpBy AND LEONA 
MARSHALL, University of Chicago.—Protons from (vy, p) re- 
actions' produced by betatron bremsstrahlung have been 
studied in a coincidence arrangement. The photon beam was 
collimated to 1.5 cm at 4 meters from the target. The protons 
were generated in thin foils oriented at 45° to the beam, and 
observed at 90° with two successive para-terphenyl crystals 
(~15 mg/cm ). The scintillations were recorded by two 1P21 
photo-multipliers in a fast coincidence circuit.? This arrange- 
ment was unable to detect protons of kinetic energy less than 
3.5 Mev. The variation of coincidence rate with maximum 
energy showed the expected threshold characteristics. The 
identification of the detected particles as protons was made 
certain by measuring their time of flight between the two 
scintillators. This was done by examining the variation of 
coincidence rate with delay of the pulses from one photo- 
multiplier. The yield of protons normalized to unit photon 
flux increases from the threshold to a maximum, and then falls 
off with increasing maximum energy. This behavior is similar 
to that of the photo-neutron process. For aluminum, the 
integrated photo-proton cross section ~10-** Mev cm?*. The 
integrated cross section was found to be roughly proportional 
to A. 

C. Diven and G. M. Almy, Phys. Rev. 80, 407 (1950); 


ae Halpern, Phys. Rev. 80, 470 (1950). 
2 Arne Lundby, Phys. Rev. 80, 477 (1950). 


A. K. Mann 


C15. Properties of (y,) Cross Sections. L. MARSHALL, 
University of Chicago.—The mean energies' of photons pro- 
ducing the reactions Cuss(y, ™)Cusz, Znes(y, 2)Zngs, and 
Cia(y, #)Cis. have been found by measuring the absorption 
coefficient per electron? for many values of Z. Monitor and 
detector were made of the element investigated. The absorbers 
were Be, C, Al, Ti, Fe, Ni, Cu, Zn, Se, Mo, and Sn. Less than 
1 percent of the radiation striking the detector originated in 
the absorber. In this geometry the absorption cross section 
per electron is a linear function of Z. Its slope is Z~! x pair 
production cross section of the screened nucleus. Its intercept 
is Z~! x Compton cross section plus pair production cross- 
section of an electron. The experimental curves were linear 
for all three detectors. The slopes were evaluated with the 
Bethe-Heitler formula, yielding the mean energies 17.6+0.7 
Mev for Cues, 16.7+0.7 Mev for Zng,, and 25.3+1.5 Mev for 
C12, The values from the intercepts agreed but had larger 
errors. Since no self-absorption was evident above the limit of 
experimental error, it foliowed from the assumption of a 
Breit-Wigner shape, that oy,(Er)<0.30X107* for Cuss, 
<0.44 X 107*4 cm? for Zng,, and <0.065X 107 cm? for Cis. 


1 Koch, McElhinney, and Cunningham, Phys. Rev. 81 (to be published). 
? Blocker, Kenney, and Panowsky, Phys. Rev. 79, 419 {9 1950). 
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C16. Absolute Integrated (,) Cross Section for Cu. 
A. H. RosENFELD, L. MARSHALL, AND S. C. Wricut, Uni- 
versity of Chicago.—We have measured the energy flux of the 
Chicago betatron at 46 Mev by a method similar to that of 
Blocker e¢ al., corrected for the deviation from the pair- 
production cross section calculated with the Born approxi- 
mation. The method requires the examination of the initial 
slope and total area of the bremsstrahlung transition curves 
by measurement or the ionization produced in a thin-walled 
ion chamber as a function of depth in absorbers of various Z. 
The current from a monitor chamber was balanced against 
the current from the detector chamber to eliminate the effect 
of intensity fluctuations. The photon beam was collimated to 


2.3 10~ steradian and electron contamination was removed 
with a magnet. The relation of energy flux to roentgen per 
minute as measured on a victoreen ion chamber in a Pb 
cylinder with }-in thick walls is 2.610’ Mev sec cm™ 
rimm™ at 46 Mev. The measurement of the energy flux 
allowed the absolute determination of the Cu® integrated 
photo-neutron cross section. Cu foil (6 mg cm) was irradiated 
by the entire flux accepted by the intensity calibration system. 
Its activity was measured on a calibrated counter. The cor- 
rection for self-absorption was shown to be negligible. Taking 
the value of 17.6 Mev for the mean energy of photons (see 
previous abstract, we calculate /o,,(E)dE =(0.71+0.15) 
xX 10-*4 Mev cm? in the line for Cuss. 


THURSDAY MorNING AT 10:00 
Pupin 428 
(J. W. Lisxa presiding) 


High Polymer Physics; Biophysics 


D1. The Relation between the Theory of Rubber and 
the Theory of Liquids. AuTHor UNKNowN.—It is usually 
assumed that rubber is formed of a network of non-interacting 
chain molecules. This paper is concerned with the extension of 
the statistical theory to interacting chains. Analogies can be 
developed between the theory of interacting chains and the 
various theories of liquids. The theory of liquids of Lennard- 
Jones and Devonshire! on the one hand and Kirkwood? on the 
other, each yield Waals’ equation at high temperatures when 
used for models of rubber. At low temperatures only the latter 
will give a reasonable explanation of embrittlement. Both can 
explain the incompressibility. The behavior of rubber at low 
temperatures can be compared to that of a network with inter- 
molecular forces comparable to those in a liquid. The increase 
in modulus observed at low temperatures is apparently due 
to these van der Waals interactions. No treatment of the 
stiffening of the chain at low temperatures is given although 
this stiffening may be an important factor in embrittlement. 


1 Lennard-Jones and Devonshire, Proc. Roy. Soc. (London) A163, 53. 
2J. G. Kirkwood, J. Chem. Phys. 3, 300 (1935). 


D2. Short-Time Stress Relaxation Properties of Plastics. 
M. T. Watson, W. D. KENNEDY, AND G. M. ARMSTRONG, 
Tennessee Eastman Corporation.—An apparatus is described 
for the measurement of stress as a function of time following 
elongation of a plastic specimen to a predetermined strain. 
Rapid elongation is effected by release of a compressed, mas- 
sive spring which extends the specimen until the motion is 
stopped. The load is measured by means of a tubular weighbar 
employing bonded-wire strain gauges; recording is done by 
means of oscillographs. Elongation requires about three milli- 
seconds, and decay of stress for the subsequent. two to five 
seconds is observed; the experiments thus cover a time zone 
for which little data have been reported in the literature. For 
practical applications, this time range corresponds to rates of 
stressing often encountered in use of plastic articles. It is 
found that plastics, depending upon their constitution, the 
temperature, and the strain, vary both in their rates of stress 
decay and in the ultimate amount of decay from a few percent 
to nearly 100 percent. The stress-time functions are not 
simple exponentials; in many cases, the stress is found to be 
approximately linearly dependent upon the logarithm of the 
time. Experimental results for a number of plastics are 
presented. 


D3. Flow Figures and Delayed Plastic Flowing in Poly- 
meric Film. JoHN KAuFFMAN, University of Illinois, AND 
WALLER GEorGE, Naval Research Laboratory.—Configurations 
of flow markings (generalized Liiders bands) are observed to 
form prior to the development of local necking (plastic shock 
waves) in polymeric films subjected to dead weight loading. 
Initially, the markings appear “bound” to free edges, or 
internal imperfections. Subsequent elapse of time under load 
allows further “growth” of the markings. Several typical types 
of development will be illustrated, including “reflection” from 
a free edge. Repeated loading experiments suggest that the 
time interval during which the flow marking is ‘“‘bound”’ is less 
than about ten seconds in commercial polyamide film, at 
3500 psi initial stress. When loadings for this duration are 
followed by sufficiently long rest periods, the effect of the 
initial localization disappears, and the specimen behaves on 
subsequent loading as a previously unloaded specimen. Time 
intervals under load greater than ten seconds, even when 
followed by reasonable “rest” periods, appear to induce irre- 
versible localizations, which after a sufficient number of 
repetitions, lead to the formation of plastic shocks. In these 
cases the total time under load prior to shock formation is 
essentially the same as the delay time for shock formations 
under uninterrupted dead weight loading.' 


1J. Kauffman and W. George, Phys. Rev. 77, 761(A) (1950); Phys. Rev. 
78, 357(A) (1950). 


D4. Specific and Apparent Specific Volumina of Poly- 
styrene and their Significance. AktHUR C. THOMPSON AND 
WitrrieD HELLER, Wayne University—Apparent specific 
volumina of polystyrene are determined in chlorobenzene 
and bromobenzene, at 25.00°C, and are discussed on the 
basis of recent density measurements on bulk polystyrene by 
Flory and Fox. At least three percent of the volume of 
solid bulk polystyrene at room. temperature consists of 
cavities. Its volume would be nearly the same as that of 
polystyrene dissolved in a good solvent if the apparent 
second-order transition could be avoided. It is proposed to 
characterize the apparent second-order transition by an alter- 
nation of configurational probability in neighboring volume 
elements. The resulting ‘‘microstrain’’ and cavitation allow 
a simple explanation of phenomena associated with the 
apparent second-order transition, such as brittleness. A com- 
parative discussion of the new data and of scant data available 
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in the literature shows that the number of vacant sites within 
a polystyrene molecule in solution is small in good solvents— 
where conceivably a slight solvation exists—and is very 
large in poor solvents. In the latter case, the free volume may 
exceed that found in solid bulk polystyrene at room tem- 
perature. A correlation suggests itself between apparent 
(partial) specific volume and intrinsic viscosity of polymers 
supporting the view that the degree of solvent drainage across 
freely kinking polymer molecules is an important factor in 
their rheological behavior. 


DS. Adsorption Isotherms and Fractional Adsorption of 
Polyethyleneglycols. WILFRIED HELLER AND WARREN 
TANAKA, Wayne University.—Previous work has shown that 
the adsorbability, on norit and on alumina, of PEG 6000 
polyethyleneglycol of molecular weight 4¢=6000) is larger 
than that of PEG 600. The effect of the solvent-adsorbent 
combination upon the magnitude of the difference agreed with 
the rule of Freundlich and Heller. Separation of the above 
fractions from a mixture—by differential adsorption—was 
found to be feasible and practical. The detailed adsorption 
characteristics of ethyleneglycol and of PEG 300, 600, 1540, 
and 6000 were now determined (norit, aquecus solution). The 
specific adsorption increases very strongly with M below M 
= 600; it changes little at higher M, particularly between 1540 
and 6000, less the higher the equilibrium concentration. 
Claesson, on investigating other polymers within a range of 
much higher molecular weights, found the opposite effect of 
M. A maximum adsorbability must therefore be assumed for 
an intermediate M. An increase with M—above a certain M— 
in the amount of internal surface area inaccessible to the 
polymer molecules, would account for the above facts. A 
decision requires additional experiments with nonporous ad- 
sorbents. The formation of monomolecular polymer films at 
the adsorbent is indicated by the fact that the higher members 
of our fractions give Langmuir isotherms. The character of the 
rate curves agrees with that to be expected for diffusion of 
polymer molecules into a porous adsorbent. 


D6. Effect of Primary Ionization on Tobacco Mosaic Virus. 
ERNEST POLLARD, Yale University,* AND A. E. Dtmonp, 
Connecticut Agricultural Experiment Station.—Preliminary 
studies have shown that tobacco mosaic virus in the dry state 
loses its infectivity relatively slowly. The loss of infectivity is 
dependent on temperature and at room temperature and 
below it can be held dry for several days. When bombarded 
by deuterons in the dry state, the action of radiation is pre- 
dominantly at the locale of primary ionization, since secondary 
effects do not travel many atom radii. Using this fact a study 
has been made of the effect of varying the deuteron energy, 
and hence the relative separation of primary ionizations. The 
results show that tobacco mosaic virus presents a target of 
cross section 23 10-" cm?, which remains constant as the 
ionization density changes by a factor of two. If it is supposed 
that the virus has dimensions 50X150X2700A, the results 
can be explained on the basis that one primary ionization 
produced anywhere in the virus causes inactivation. This is 
in striking contrast to similar experiments on bacterial viruses. 
The conclusion drawn is therefore that this one plant virus is 
essentially a single molecule 


* Assisted by the U. S. AEC. 


D7. Irradiation of Viruses with Soft X-Rays. W. R. 
GuiLp,* Yale University —An x-ray tube and target chamber 
combination has been constructed for the purpose of irradiat- 
ing viruses with very soft x-rays (500-3500 volts). The tube is 
designed for maximum current with minimum heating. 
Cathode, anode, and specimen holder are watercooled to 
prevent heat inactivation of the virus. The geometry is such 
that the specimen (inside the vacuum chamber) does not see 
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the hot filament except by secondary diffuse reflection. The 
data so far show that the 7-1 bacteriophage of E. colt is in- 
activated rather easily by these x-rays, the 37 percent dose at 
2000 volts and 40 ma tube current requiring only about 20 
minutes. The 37 percent dose varies with wavelength, and the 
object of the experiment is to study this variation to see 
whether the effects of absorption by particular elements can 
be determined as the x-ray spectrum crosses the absorption 
edges of the particular elements. 


* AEC Predoctoral Fellow. 


D8. Cyclotron Bombardment of Enzymes.* R. B. SETLow, 
Yale University.—The technique, developed previously,' for 
the inactivation of dry enzymes and viruses by a cyclotron 
deuteron beam has been used to bombard the enzymes urease 
and catalase. These molecules are approximately spherical 
and have molecular weights 480,000 and 250,000, respectively. 
The enzymatic activity was determined by the rate of splitting 
of urea and hydrogen peroxide. For the two enzymes the cross 
section for inactivation by 3.8-Mev deuterons was found to be 
about ten times smaller than the geometrical cross section. 
When the ionization density along the deuteron path was in- 
creased by use of foils, the inactivation cross section rose, but 
still failed to reach the geometrical cross section. Thus, a 
primary ionization, which liberates about 90 ev within the 
molecule, does not inactivate the molecule as a whole. The 
mechanism of radiation inactivation and the internal structure 
of urease and catalase will be discussed in the light of these 
results. 


* Assisted by the AEC. 
1E, Pollard and F. Forro, Jr., Phys. Rev. 78, 335 (1950). 


D9. Cyclotron Bombardment of Hemoglobin.* R. K. 
APPLEYARD, Yale University.—Dried samples of human and 
dog carboxy hemoglobin have been irradiated by fast deu- 
terons from the cyclotron, using the technique of Pollard and 
Forro.! The irradiated material is redissolved in buffer solution 
and is examined spectrophotometrically. Cross sections have 
been measured for the depression of the visible and soret 
absorption bands. These cross sections are lower than the 
known average area of the molecule per heme group, but rise 
with increasing ion density. The variation of the apparent 
cross sections with pH of the redissolved material show that 
destruction of heme groups is negligible. Oxidation of the 
iron atom to form methemoglobin is negligible, in striking 
contrast to the results of irradiation experiments carried out 
upon hemoglobin in aqueous solution.2 The mechanism of the 
action of ionizing radiation upon dried conjugated proteins 
will be discussed on the basis of the experiments on hemoglobin. 

* Assisted by the AEC. 

1 E, Pollard and F. Forro, Jr., Phys. Rev. 78, 335 (1950). 


?H. Fricke and B. W. Petersen, Am. J. Roentgenol. Radium Therapy 17, 
611 (1927). 


D10. The Dependence of Photo-Reactivation of a Virus on 
the Wavelength of the Ultraviolet Used for Inactivation. 


DonaLp J. FLuKe, Yale University——The sensitivity of 
organisms to inactivation by ultraviolet light may usually be 
expressed in terms of a probability cross section. Plotted 
versus wavelength of the inactivating radiation, this cross 
section gives an inactivation spectrum for the organism. A 
number of organisms have been shown to recover from ultra- 
violet inactivation upon subsequent irradiation by wave- 
lengths in the blue and near ultraviolet. This effect, called 
photo-reactivation, takes place for bacteriophages to a sur- 
vival curve similar in shape to the over-all survival curve, 
but of shallower slope. The inactivation cross section may be 
considered as consisting of two sectors, one photo-reactivabie 
and the other not. The work reported in this paper concerns 
the relation between these two sectors for various wavelengths 
of inactivating radiation, that is, the effect of photo-reactiva- 
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tion on the inactivation spectrum. From 2400 to 2900A, where 
bacteriophage are most sensitive to ultraviolet, the two sectors 
are about equal for the virus T-1. The photo-reactivable sector 
appears to be proportionally lowest where over-all ultraviolet 
sensitivity is highest. Inactivation by wavelengths longer than 
3000A appears at present to be almost completely photo- 
reactivable. 
!R. Dulbecco, J. Bact. 59, 329 (1950). 


D11. The Inactivation of Protein Monolayers with Deu- 
terons.* FRANKLIN HUTCHINSON, Yale University.—Samples 
of bovine serum albumin to be inactivated by irradiation were 
prepared by transferring monomolecular films of the albumin 
from a water surface to a chromium-coated glass slide by the 
Blodgett-Langmuir technique. After bombardment with 1- to 
3.7-Mev deuterons the percentage inactivation was determined 
by measuring the decrease in ability of the protein to react 
specifically with the homologous antibody. This binding ca- 
pacity could be assessed by measuring the thickness of anti- 
body which was adsorbed by the protein monolayer, the thick- 
ness of antibody being determined to better than 1A by an 
ellipsometer.! The fundamental advantages of this method of 
preparation of the irradiated sample are that very thin, uni- 
form targets may thus be obtained, and that only very small 
amounts (less than micrograms) of material are needed. The 
cross sections for inactivation depend strongly on the deuteron 
energy, showing that the molecular dimension perpendicular 
to the plate is probably small compared to the spacing of 
ionization along the deuteron track. The cross section is 
about 100A? for 3.7-Mev deuterons, compared with our 
estimated 2500 A? for the normal globular albumin molecule. 


* This work was supported by the AEC. 
1A. Rothen, Rev. Sci. Instr. 16, 26 (1945). 


D12. The Inactivation of Dry Protein Deposits with 
Deuterons.* W. P. McNu ty, JRr.t AND FRANKLIN HUTCHIN- 
son, Yale University.—Using a colorimetric microanalysis, 
one may determine the percent survival of a protein antigen, 
bovine serum albumin, following bombardment with 3.7-Mev 
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deuterons. The method depends on precipitation of antigen 
with homologous antibody, resolution, and color development 
with the Folin-Ciocolteau reagent.' In these experiments an 
aqueous solution of antigen was diied on foil disks prior to 
bombardment. The effective cross section of around 500 A* 
is five times larger than that found by irradiation of bovine 
albumin deposited in a monomolecular layer from a water 
surface. It is highly unlikely that such a difference can be due 
to an orientation effect among molecules in the monolayer. 
This is therefore direct evidence that there is a change in the 
spatial arrangement of the protein molecule when deposited in 
monolayer. Despite this change, the power of combining 
specifically with homologous antibody is retained. 
* Supported by AEC. 


t James Hudson Brown Junior Fellow. 
1M. Heidelberger, and C. F. C. McPherson, Science 97, 405; 98, 63 


(1943). 


D13. Absorption and Action Spectra of Bacillus Subtilis. 
Haro_p J. Morowi1z,* Yale University.—Ultraviolet absorp- 
tion spectra have been taken for pure spore preparations of the 
bacterium, Bacillis subtilis. Ground preparations were used to 
eliminate scattering anomalies. Absorption maxima were 
found at 2770A, 2700A, and 2620A. The 2620A peak may be 
identified with nucleic acid and the 2770A peak may be iden- 
tified with protein. Definite classification may not be made for 
the 2700A peak. The ultraviolet action spectrum (cross section 
for lethal effects as a function of wavelength) has been de- 
termined for the same organism. A strong peak was found in 
the 2700A region, and another maximum was found in the 
2800A region. These may be correlated with the 2700A and 
2770A absorption maxima. Relative quantum efficiencies may 
be obtained as a function of wavelength. The general simi- 
larity between action spectra and absorption spectra for the 
whole cell indicates that photons absorbed in most of the cell 
components are capable of causing lethal effects. The specific 
differences in the spectra indicate selectively high efficiencies 
for some of the absorbers. 


* AEC Predoctoral Fellow. 
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(C. C. LAuRITSEN presiding) 


Reactions of Transmutation and Nuclear Energy Levels, 
(Heavier Elements Mostly) 


DAI. Energy Levels in F* from the F'*(d, p)F” Reaction.* 
HuGu A. Watson, D. M. VAN PaTTer, AND W. W. BUECHNER, 
M.I.T.—The excited states of F* have been investigated 
using the F!°(d, »)F** reaction with incident deuteron energies 
of 1.5 and 1.8 Mev. Proton groups from thin layers of PbF: 
on a platinum backing have been analyzed at 90 degrees using 
a 180-degree focusing annular magnet. The investigation has 
so far been carried over a range from the ground state to an 
excitation energy of about 2 Mev. Proton groups correspond- 
ing to the following Q-values were observed: 4.37, 3.72, 3.55, 
3.39, 3.32, 3.06, 2.40, and 2.33. These correspond to excitation 
energies of 0, 0.65, 0.82, 0.98, 1.05, 1.31, 1.97, and 2.04 Mev. 
The levels at 0.82, 1.05, and 2.04 Mev have not previously 
been reported ; the others are in agreement with the results of 
Allen and Rall. Other proton groups have also been observed, 
and it is expected that some of these may be identified with 
the above reaction. 


* This work has been assisted by the joint program of the AEC and ONR. 
1R. C. Allen and W. Rall, Phys. Rev. 78, 337 (1950). 


DA2. Nuclear Electron Pairs from F'*(p, w)O'%. G. C. 
Putters AND N. P. HEYDENBURG, Carnegie Institution of 
Washington.—Scintillation counters and fast coincidence 
techniques have been used to examine the excitation function 
for the emission of pairs of electrons by the reaction F'*(p, a)*O"* 
in the range of bombarding energies 0.8 to 2.0 Mev. The elec- 
trostatic generator of the Department of Terrestrial Mag- 
netism was used to bombard thin targets of CaF, with protons 
monoenergetic to 0.1 percent. Six resonances due to levels in 
Ne®® that decay to the 6.052-Mev pair emitting level in O” 
were observed. The resonant widths which range from 23 to 
450 kev are slightly narrower than previously reported, and 
are in general wider than the Ne* levels for the competing 
processes of gamma-ray emission. Angular correlations of the 
two members of the electron pair have been investigated and a 
search has been made for pairs of gamma-rays. The angular 
correlation data can be fitted reasonably well with a function 
A+Bcos@. No positive evidence for pairs of gamma-rays 
has been obtained. 








304 


DA3. Stacked Foil Technique for Nuclear Reactions With 
the Internal Cyclotron Beam.* N. M. Hintz, Harvard Uni- 
versity—The stacked foil technique for obtaining nuclear 
excitation functions has been used with the internal 110-Mev 
proton beam of the Harvard cyclotron. The foils and absorbers 
are placed 1 inch above or below the plane of the circulating 
beam. Protons are scattered into the foils by multiple Coulomb 
scattering in a few mils of Ta placed in the median plane at 
180° or 360° from the targets. The 180° arrangement is neces- 
sary when good energy resolution is desired as the cyclotron 
beam has been found to have a spread in energy of 12 Mev at 
120 Mev.! The 180° position gives roughly 4 percent of the 
primary beam to yy in. diam foils; the 360° position about five 
percent as particles of all energies and angles in the horizontal 
plane are refocused at the target radius. Preliminary curves 
will be shown for the reactions Al"(p, 3pm)Na™ and 


AF7(p, 5p5n)F"*. The proton flux at the foils has been moni- 
tored with the C"(p, pm)C™" reaction,? giving approximate 
absolute values to these cross sections. 

The threshold for F'* is near 45 Mev, indicating the ejection 
of a-particles or heavier fragments from the nucleus. 


* Assisted by the joint program of the ONR and AEC. 
1N. Bloembergen and P. J. Van Heerden, paper presented at this 


meeting. 
2 Aamodt, Peterson, and Phillips, UCRL-526 (1949). 


DA4. Excitation Functions for Proton Reactions With 
Sodium and Magnesium.* R. B. HoLt anp J. W. MEabows, 
Harvard University —Proton bombardment at energies up to 
120 Mev have been carried out on the Harvard University 
cyclotron using targets of Na®NO;, Mg**O, MgO, and 
ordinary MgO. A stacked sample and absorber technique was 
employed, using the formation of C" from interleaved poly- 
ethylene foils as a monotor.f The internal scattered beam at 
positions 185° and 360° from the scatterer was used, the 185° 
position giving better energy resolution but lower intensity 
than the 360° position. For Na*, the thresholds and absolute 
excitation curves for the reactions forming F!* and Na® have 
been obtained. For Mg** and Mg”, the reactions to form 
Na*™ and F!* have been studied. For Mg™, the formation of F'8 
has been measured. Excitation function curves for these vari- 
ous reactions will be presented. 

* Assisted by the joint program of the ONR and AEC. 


+ Aamodt, Peterson, and Phillips, University of California Radiation 
Laboratory Report 526 (1949). 


DAS. Energy Levels in Na“ from Na**(d, p)Na*.* A. SPER- 
pUTO AND W. W. BuecuNerR, M.J.T.—The proton groups 
from Na*(d, p)Na* have been analyzed with a magnetic 
spectrometer. Thus far, at a deuteron energy of 2.0 Mev, 
eight groups have been measured. The results are in general 
agreement with previous work! on this reaction, except that 
two of the reported levels in Na* appear to be double. The 
Q-values obtained in the present work are 4.73, 4.26, 4.17, 
3.39, 2.89, 2.86, 2.17, and 1.32 Mev. 


* This work has been assisted by the joint program of the AEC and ONR. 
1W. D. Whitehead and N. P. Heydenburg, Phys. Rev. 79, 99 (1950). 


DA6. Magnetic Analysis of the Si*(d, p)Si* Reaction.* 
D. M. Van Patrer, H. ENGE, anp W. W. BUECHNER, 
M.I.T.—The proton groups from silicon-dioxide targets (with 
the Si*® content enriched to 64 percent) bombarded by 1.8- 
Mev deuterons have been analyzed at 90 degrees with a mag- 
netic spectrometer. From a comparison with the proton groups 
observed from natural silicon-dioxide targets (3 percent Si**), 
three proton groups were identified with the Si*°(d, p)Si* reac- 
tion. The measured Q-values of these groups were 4.367 
+0.010; 3.604+0.009; and 2.666+0.006 Mev, corresponding 
to the ground state of Si* and excited states at 0.763+0.011 
and 1.701+-0.010 Mev. No additional Si*°(d, p)Si* proton 
groups were observed with an intensity greater than 0.15 the 
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intensity of the group with Q-value of 4.367 Mev in an energy 
range corresponding to Q-values from 4.25 to 4.95 Mev. The 
Si#* levels recently reported by Motz and Humphreys! at 
0.7340.15 and 1.7340.15 Mev are therefore confirmed; 
however, no evidence has been found for the level that they 
reported at 1,23+0.15 Mev. A search for proton groups cor- 
responding to higher excited states of Si* is being continued. 
An investigation of the Si**(d, p)Si*® reaction is also in progress. 
(The enriched silicon isotopes were obtained from the Iso- 
topes Division, AEC, Oak Ridge.) 

* This work has been assisted by the joint program of the AEC and ONR. 

1H, T. Motz and R. F. Humphreys, Phys. Rev. 80, 595 (1950). 


DA7. Proton Gamma-Ray Coincidence Study of the Ex- 
cited States of the Si® and B" Nuclei. H. H. Lanpon, Yale 
University.*—The excited states in the energy level spectra 
of the Si** and B" nuclei were studied by means of a proton- 
gamma-ray coincidence technique for the purpose of determin- 
ing the nature of the gamma-ray decay scheme. The nuclei 
were formed under cyclotron bombardment using the 
AP"(ap)Si® and B'°(dp)B" reactions. The gamma-rays from 
each state were selected using the coincidence technique and 
the energies of each gamma-ray were estimated where possible 
using an absorption coefficient measurement. A proton-gamma- 
gamma-coincidence experiment was performed to assist in 
establishing the nature of the decay when a cascade transition 
was suspected. The transitions from the first two excited 
states of Si** are directly to the ground state while the transi- 
tion from the third excited state takes place by means of a 
cascade to the second state and then to the ground state. The 
decay scheme in the B" nucleus is most likely the same as for 
the Si®* nucleus for the first two excited states, while the third 
and the prolific fifth, and sixth states show cascade transi- 
tions as most probable. 


* Assisted by the ONR and AEC. 


DA8. The Reactions S(p, y)Cl. T. D. HANSCOME AND 
C. W. Maticu, Naval Research Laboratory.—Gamma-radia- 
tion from proton capture by sulfur has been observed in targets 
of normal isotopic composition. The Naval Research Labora- 
tory Van de Graaff accelerator has been used to explore these 
reactions over a proton energy interval of 0.9 to 2.1 Mev. 
There seem to be numerous narrow resonances, many of which 
are not well resolved with the energy resolution of one percent 
used in the preliminary survey. The more prominent reso- 
nances occur at about 1.37, 1.61, 1.69, 1.8, and 1.86 Mev. 
Relatively intense resonances above 1.9 Mev have not been 
resolved. Work at higher resolution is in progress. No induced 
activity comparable to the yield has been observed in the 
target indicating that S* has a small proton capture cross 
section at these energies compared to the other isotopes. A 
careful check of this is planned. Present estimates of gamma- 
ray energy are as expected from calculated Q-values, with some 
cascade transitions probable. It is hoped that precise gamma- 
ray energy measurements will give additional information. 


DA9. Protons from Deuteron Bombardment of Chlorine.* 
W. W. Ennis, Yale University.—Natural chlorine in the form 
of gaseous HCI has been bombarded with 3.5-Mev cyclotron 
deuterons. Observation at 90° yielded 10 proton groups, with 
Q-values 0.44, 0.69, 1.18, 1.84, 2.40, 2.76, 3.03, 3.46, 3.94, 
and 6.26 Mev. Of these the seventh, eighth, and tenth agree 
with previous work.! Assignment of levels to isotopes will be 
made on further work with specimens enriched by thermal 
diffusion; these are now being prepared. The Q-value corre- 
sponding to the highest proton energies is most probably due 
to Cl*5(dp)CI*. Assuming this to be the case the mass differ- 
ence Cl*—C}*5 is 0.9998 +0.0001. This agrees reasonably with 
presently accepted mass values. If it is assumed to be due to 
Cl#7(dp)Cl** the discrepancy is 2.7 Mev. Hence the value for 
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the mass differences quoted above is very probably right 
within the experimental error. 


* My by the joint program of the ONR and AEC. 
. F. Shrader and Ernest Pollard, Phys. Rev. 59, 277 (1941). 


DA10. The Mn**(p, n)Fe** Neutron Spectrum.* P. H. 
STELSON AND W. M. Preston, M.J.T.—A thin (20-kev) 
target of manganese on a tantalum backing was bombarded 
by monoenergetic protons of 2.97, 3.42, and 3.77 Mev from 
the Rockefeller electrostatic generator. Nuclear emulsion 
plates (Eastman NTB, 200 microns thickness) were mounted 
15 cm from the target at 0° and 90° with respect to the incident 
proton beam. The resulting neutron spectra, obtained from 
the analysis of about 2500 proton recoil tracks, show well- 
defined groups which correspond to excited states in Fe** at 
0.42, 0.94, 1.36, and 2.08 Mev. The Q-value for the ground 
state reaction was measured to be —1.05+0.03 Mev which is 
not in good agreement with the value —1.15 Mev obtained 
from the threshold measurement reported by Smith and 
Richards.! Levels in Fe** at 0.935 and 1.41 Mev have been 
found by Deutsch and Hedgran? from the study of the decay 
scheme of Co*5, These levels correspond closely to two of the 
levels reported here. 

ng fn supported by the ONR and the Fg of Ships. 


V. Smith an Richards, Phys. Rev. 74, 1257 “i948). 
+ MM. Deutsch and A. Hedgran, Phys. Rev. 75, 1443 (1949). 


DA11. Gamma-Rays from Proton Bombardment of the 
Elements Mn to Ga. C. W. Maticu, Naval Research Labora- 
tory.—A survey has been made of the gamma-radiation from 
thick targets of Mn, Fe, Co, Ni, Cu, and Zn bombarded by 
protons of 1 to 2 Mev, using a coincidence counter arrange- 
ment for detector. With an energy resolution of about one 


percent, the yields from Mn and Fe indicate numerous narrow 


resonances; those from Co and Ni increase approximately 
exponentially with bombarding energy, with some evidence 
for resonances; those from Cu and Zn increase nearly expo- 
nentially with no apparent resonances. At 1.5 Mev, the rela- 
tive yields are approximately 8:5:15:1:4:1 for equivalent 
detector geometry; on this scale, a thick Al target gives a 
yield of 100. Preliminary energy measurements give half- 
intensity absorber thicknesses ranging from 0.45 g/cm? of 
aluminum to 0.60 g/cm?; the spectra appear to be complex. 


DA12. Triton Bombardment of C, O, Al, Fe, Ge, and Bi. 
M.L. Poor, D. N. Kunpbu, P. E. WEILer AND T,. W. DONAVEN, 
Ohio State University.—Tritium gas was introduced into the 
cyclotron and resonance obtained so as to produce tritons of 
6.5 Mev. The triton beam impinged upon various selected 
internal probes. Hilger carbon gave an extremely long half- 
life activity which presumably is C by the (¢, ) reaction. 
Confirmation was made by absorption measurements. The 
O(t, m) reaction is a very strong one. The presence of small 
amounts of oxygen on all substances gives a prominent 1.87-hr 
F'8 activity. The introduction of two neutrons or a di-neutron 
into Al produces a strong 6.7-min activity according to the 
reaction, Al(t, p). With higher bombarding energies, up to 
10.5 Mev, the Al(#, He*) reaction predominates. Triton bom- 
bardment of enriched Fe®* indicated a (¢, d) reaction. Enriched 
Ge™ showed several activities. The (¢, n*) reaction seems to 
have a cross section much larger than the (¢,) or (t, p) 
reaction. The activity produced by Ge™(t, ») was also ob- 
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served. For triton energies of 6.5 Mev no (t, p) reaction in Bi 
was observed on an alpha-counting equipment. 


DA13. Bombardment of Cu and Ag with Tritons. D. N. 
Kunpu AnD M. L. Poot, Ohio State University.—6.5-Mev 
tritons obtained by introducing tritium gas into a cyclotron 
were made to impinge upon stacks of 0.001-in. Cuand 0.0006-in. 
Ag foils in a special internal target for 2 and 3 hours respec- 
tively. The foils were shielded on all sides except for a small 
slot at the entrance of the beam. The decay curves of the 
various foils were followed under the same geometry along 
with absorption measurements. In every case the neutron 
activation was estimated and corrected for. From Cu, the 
reactions Cu™(t, d) and Cu®(t, p) are established with cross- 
section ratios 1:1. This may be interpreted to mean that it is as 
easy to introduce a di-neutron into a Cu nucleus as a single 
neutron. The reactions Cu®(t, 2) and Cu**(t, He*) were also 
observed, the latter only in the first foil with a small relative 
yield as is to be expected. From Ag, the reactions Ag®*(¢, d), 
Ag?®*(t, p) and Ag?®*(t, He*) have been observed. The reaction 
Ag'®"(t, m) must be very low in comparison. The O—P process 
was strongly in evidence in both Cu and Ag. The introduction 
of di-neutrons into nuclei was not traced beyond the range of 
the tritons. 


DAI4. Electron Excitation of Cd''*. B. WaLDMAN AND 
W. C. MiLter, University of Notre Dame.—The electron ex- 
citation of Cd™!* has been studied from 1.2 to 2.3 Mev. The 
excitation curve obtained rises monotonically, contrary to 
the results of Wiedenbeck,! and is similar in character to the 
electron excitation curve*® of In"™5*. The excitation is a com- 
posite of direct electron and x-ray excitations. It is possible 
to determine from the excitation curve two activation levels 
at 1.3340.02 Mev and 1.75+0.05 Mev. The cross section for 
electron excitation at 1.5 Mev is of the order of 10-* cm’. 
This research has been supported by the Research Corporation 
and the joint program of the ONR and AEC. 


1 Wiedenbeck, Phys. Rev. 67, 92 (1945). 
2? Waldman, Miller, and Gideon, Phys. Rev. 76, 181 (1949). 


DAIS. Photo-fission of Bismuth. Ricuarp L. Garwin, 
University of Chicago.—Early results have been obtained con- 
firming the photo-fission of bismuth reported by Sugarman.'! 
The fission rate observed for bismuth in this experiment 
(~1 fission/gram R) for 71-Mev maximum bremstrahlung 
energy is in essential agreement with Sugarman’s value—1.8 
fissions/gram R—when corrected to his energy of 86 Mev. 
Incipient failure of the betatron limited the total running 
time at 71 Mev to one hour, several limiting the data obtained. 
Details of the experiment will be presented, including the 
hydrogen-filled electron-collection fission chamber, the x-ray- 
operated gate circuit to eliminate electrical noise pulses, and 
the other techniques necessary to enable the chamber to 
count fissions unambiguously in an instantaneous x-ray flux 
of 107 R/min. Under normal betatron operation this would 
correspond to an average intensity of 5000 R/min. More ex 
tensive results on bismuth and other elements, including en- 
ergy dependence of the fission reaction, will be forthcoming 
after the betatron is rebuilt. This work was supported in part 
by the ONR and AEC. 


1N. Sugarman, Phys. Rev. 79, 532 (1950). 
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Invited Papers 


El. Nuclear Hyperfine Structure of Paramagnetic Resonance. M. H. L. Pryce, Oxford University. 


(40 min.) 


E2. On the Physical Interpretation of the Scattering Matrix in Quantum Electrodynamics. \l 


FIERZ, University of Basel. (40 min.) 


E3. Radioactive Decay of the Neutron. J. M. Rosson, Chalk River Laboratory. (25 min.) 


THURSDAY AFTERNOON AT 2:15 
McMillin 


(R. E. MARSHAK presiding) 


Cosmic-Ray Showers and Stars 


EAl. Meson Showers in Cosmic Rays. E. Pickup AND 
L. Voyvopic, National Research Council, Canada.—Details 
will be given concerning showers of mesons produced in 
nuclear disintegrations in photographic emulsions at about 
90,000 feet. The angular distribution and, in some cases, 
the energies of shower particles will be discussed. The stars, 
which are initiated by protons and heavier nuclei, are of 
various types. They range from 60-pronged stars with ~35 
shower particles to stars with large and small showers, which 
have associated with them only one or two heavily ionizing 
evaporation products. In particular some events will be 
described which are characterized by showing none of the 
usual evaporation products, but only relativistic or near 
relativistic tracks. These are thought to result from collisions 
of incoming protons with one or two nucleons near the periph- 
ery of a nucleus. There appears to be some tendency for pairs 
of lightly ionizing tracks to be emitted. 


EA2. Penetrating Showers Associated with Air Showers.* 
R. L. Coot anp O. Picctont, Brookhaven National Laboratory. 

-In extensive air showers at mountain altitudes we have ob- 
served, as have several authors, a component exhibiting similar 
properties to the so-called N-component. Observing directly 
hodoscope photographs and using large lead screens, we con- 
firm that the observed penetrating showers are not of elec- 
tronic nature. Using 80 counters as a hodoscope to observe 
the electron density, we find (A) the frequency of extensive 
penetrating showers with electron density >A is proportional 
to A~®-§ over a density interval of more than a factor of 100. 
This shows that associated penetrating showers are not pro- 
duced by two or more independent particles, and that the 
N-density is proportional to the electron density. (B) The 
frequency of extensive penetrating showers changes less than 
20 percent for A>15 m= in moving the electron density de- 
tector from 5 meters to directly above the penetrating shower 
detector, while it increases rapidly for smaller densities. (C) 
The density of the supposed N-component decreases, between 
14,000 and 5000 ft, following closely the decrease in density 
of the electronic component. This suggests that the N-com- 
ponent might be generated by the high energy photo-electronic 
component. 

* Research-carried out under the auspices of the AEC. 


EA3. Absorption Measurements on the Neutral Radia- 
tion Producing Penetrating Showers.* H. W. BOEHMER AND 


H. S. BripGe, M.J.T.—We are reporting preliminary results 
of an experiment at Echo Lake, Colorado, elevation 10,600 
feet, investigating the production of penetrating showers by 
neutral particles in the cosmic radiation. The equipment con- 
sists of a penetrating shower detector covered with a 3.5-inch 
lead producing layer and a highly efficient anticoincidence 
tray above the producer. Preliminary measurements using 
lead and carbon absorbers above the anticoincidence tray 
have been completed. The results for lead give a mean free 
path for the neutral particles, which varies from about the 
value corresponding to the geometric cross section (165 g-cm™) 
to about 215 g-cm™ depending on the multiplicity of particles 
required in the penetrating shower. The corresponding result 
for carbon varies between 85 and 105 g-cm~. In both lead and 
carbon the mean free path approaches closer to the value 
expected from the geometric cross section as the multiplicity 
in the penetrating shower increases. 
* Assisted by the joint program of the ONR and AEC. 


EA4. Decoherence of Extensive Air Showers at Airplane 
Altitudes.* H. L. Kraysii, Yale University.—The rate of 
simultaneous discharge of two Geiger counter telescopes as a 
function of their horizontal separation has been measured in a 
B-29 airplane at altitudes of 25,000 ft and of 32,000 ft, near 
55°N geomagnetic latitude. The airplane was furnished by the 
U. S. Air Force. Separations varying from 360 cm to 30 cm 
were used. The coincidence rate increases by a factor of 2.0 
+0.1 between 360-cm and 30-cm separation at 32,000 ft. 
The corresponding factor at 25,000 ft is 1.4. Comparison will 
be made with similar measurements! at 11,500 ft. The altitude 
variation of the decoherence will be discussed. Data obtained 
using thin lead absorber at 25,000 ft indicate that approxi- 
mately four-tenths of the showers responsible for the rise in 
counting rate at small separations st this altitude are ab- 
sorbed by 3 mm of lead. 


* Assisted by the joint program of the ONR and AEC. 
1J. Wei and C. G. Montgomery, Phys, Rev. 76, 1488 (1949). 


EAS. General Theory of Cascade Showers,* W. T. Scort,t+ 
Brookhaven National Laboratory.—A general approach to the 
stochastic problem of cascade showers is presented, using a 
simplified model for illustration. The work of Bhabha! is ex- 
tended to show how all statistical information about a shower 
may be found in principle from the average energy spectrum. 
Janossy’s method of generating functions? is used, in connec- 
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tion with Friedman's adjoint theory using the energy spectrum 
as a Green’s function,* to summarize these results. An appro- 
priate foundation is thus presented for further work on the 
problem of the distribution in number of particles at a given 
depth in the shower. 

* Work performed in part under the auspices of the AEC. 


t Author now at Smith College. 
'H. J. Bhabha, Proc. Roy. Soc. (London) A202, 301 (1950). 


?F. L. Friedman, M.1.T. Lab for Nuclear Sci. and Eng., Tech Rpt. 31 


(1949). 
+L. Janossy, Proc. Phys. Soc. (London) A363, 241 (1950). 


EA6. Angular Distribution of Particles in Cascade Showers. 
L. EyGes AND S. FERNBACH, University of California, Berkeley. 

~The angular distribution of high energy electrons and pho- 
tons in cascade showers has been calculated as a function of 
depth in the shower. This has been done by first calculating 
the moments of the distributions as a function of depth, and 
then using these moments to reconstruct the functions, in a 
way explained previously. The moments are found in terms of 
contour integrals which are evaluated by saddle-point integra- 
tion for large t, and by series expansions for small ¢. Blatt? 
and Borsellino* have previously calculated the second moments 
(mean squares); we have, in addition, calculated the fourth, 
sixth, and eighth moments, and these fix the distribution func- 
tions with sufficient accuracy. 

1L, Eyges and S. Fernbach, Phys. Rev. (to be published). 


2 John Blatt (unpublished). 
3A. Borsellino, Nuovo Cimento 7, 323 (1950). 


EA7. Cascade Showers Produced by 200-Mev Electrons.* 
ANATOLE M. Snaptro,t Cornell University——The gamma- 
ray beam from the Cornell synchrotron has been converted 
into pairs in the gamma-ray spectrometer, and positive and 
negative electrons of 200+10 Mev have been allowed to enter 
a twelve-inch cloud chamber. The cloud chamber is triggered 
by a counter telescope which selects electrons of the proper 
energy, and pictures are then taken of the cascade showers 
produced in the lead plates in the chamber. The average 
number of electrons as a function of the depth in lead is thus 
obtained, and also the fluctuations in this number. These 
results are compared with Monte Carlo calculations of cascade 
showers! and the standard shower theory. It is found that the 
average number of electrons is considerably less than that 
predicted by the Monte Carlo calculations unless the multiple 
scattering of the electrons in the lead is considered. Multiple 
scattering calculations are now being made to extend the 
Monte Carlo method and these will be described. 


* Supported in part by the ONR. 
+ AE 


> Predoctoral Fellow. 
1R. R. Wilson, Phys. Rev. 79, 204 (1950). 


EA8. Production of Stars by 240-Mev Protons.* ALFRED 
M. Perry,t University of Rochester—Two-hundred-micron 
Ilford G-5 plates have been exposed to 240-Mev protons in the 
circulating beam of the Rochester cyclotron. In a preliminary 
survey 281 stars of one or more prongs were found. The mean 
free path in the emulsion for the production of stars is 82 cm 
+15 percent. There are 142 stars which have one or two 
“gray” prongs (protons>30 Mev, deuterons>60 Mev). Of 
the 167 “gray” prongs, 96 percent are in the forward hemi- 
sphere relative to the incident protons. Of 705 “‘black” prongs 
(lower energy protons and deuterons, all alpha-particles). 
60 percent are in the forward hemisphere. The average number 
of prongs per star is 3.1. The frequency of stars with various 
numbers of prongs is as follows: 


Number of prongs: 1 2 3 4 ee 
Percentage of all stars: 4.6 32.0 30.2 17.8 114 3.6 0.4 


An energy distribution of the prongs will be givén. 


* Work supported by the AEC. 
t AEC Predoctoral Fellow. 
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EA9. Stars Induced by 350- to 400-Mev Protons.* S. J. 
LinpDENBAUM, G. BERNARDINI, AND E. T. Bootn, Columbia 
University.—G-5 plates were directly exposed to the proton 
beam of the Nevis cyclotron and 404 stars were analyzed. The 
prong and angular distributions of black (>6 tignes mini- 
mum), sparse black (between 3 and 6 times minimum), and 
gray (<3 times minimum) prongs will be presented and dis- 
cussed. The mean free path for all interactions involving at 
least one prong (less than three times minimum) has been ob- 
tained by track length sampling and based upon 404 stars is 
56+9 cm, corresponding to an average cross section of 45+8 
percent geometric indicating considerable nuclear transparency. 
A correction for zero prong stars (phenomenalogically large 
angle scattering or disappearance of a proton in flight) is being 
determined by scanning along individual tracks. Preliminary 
results seem to add about 10 percent of geometric cross section, 
which is about the expected extrapolated value. A Gold- 
berger! type calculation of the interaction of -400-Mev nu- 
cleons with a nucleus of mass number 100 is in progress and a 
comparison of preliminary results with experiment will be 
made. The experimental results seem to be consistent with 
the general behavior predicted by such a model. 

* This project was jointly supported by the Office of Naval Research 


and the Atomic Energy Commission. 
1M. L. Goldberger, Phys. Rev. 74, 1269 (1948), 


EA10. Neutron Stars in Oxygen, Neon, and Argon. J. K. 
BgccILD AND F. H. TENNEY, University of Rochester —An 
8-in. Wilson cloud chamber has been exposed to neutrons 
produced in the forward direction by 240-Mev protons bom- 
barding Cu or Be targets in the Rochester cyclotron. Measure- 
ments were made on 807 stars from O, Ne, and A gases. Lightly 
ionizing tracks were counted as protons or alpha-particles 
depending on the delta-ray count. Heavily ionizing tracks 
were counted as alpha-particles although in some cases re- 
coiling residual nuclei or protons of 5 Mev or less are included. 
All three gases showed a similar prong distributon up to 5 
prongs. The alpha-to-proton ratios computed in the above 
fashion were found to be: 


2-prong stars 3-prong stars 4-prong stars 
Oo 2.68 1.57 2.82 
Ne 2.14 1.35 1.30 
A 0.88 0.98 0.84 


The alpha-to-proton ratio decreases with atomic number as 
expected except for 2-prong Ne stars and 4-prong O stars, 
which will be discussed separately. 


EA11. Emulsion Studies of Cosmic-Ray Stars in Metal 
Foils.* [AN BARBOUR AND LAWRENCE GREENE,{ Kalamazoo 
College—Cosmic-ray induced disintegrations of nuclei of 
several elements are studied with metal foils “sandwiched” 
between face-to-face Ilford G5 emulsions exposed at balloon 
altitudes to investigate the dependence upon atomic weight 
of the star-production cross sections for stars of various sizes 
and types. After exposure, removal of the foils, development, 
and accurate re-alighment of each pair of emulsions, the plates 
are scanned for groups of tracks which can be projected back 
to common centers between the emulsions, and thus are at- 
tributable to disintegrations of foil nuclei. The preliminary 
results reported' have been extended to include Au, Pt, Sn, 
Cu, Ni, and Al, giving a range of Z from 13 to 79, and allow- 
ing a check between foils of different thickness and density. 
The total cross section per target nucleus for stars of any size 
follows quite closely an A! law. An analysis of groups of mini- 
mum-ionization particles interpreted as meson showers has 
also been undertaken. 

* This work has been aided by a Cottrell Grant from the Research 
Corporation. 


t Now at Ohio State University. 
‘I, Barbour and L. Greene, Phys. Rev. 79, 406 (1950), 
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THURSDAY AFTERNOON AT 2:15 
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(W. P. 


ALLIs presiding) 


Symposium of the Division of Electron Physics 


Fl. Recent Studies of Electron Collision Cross Sections at Low Energies. S. C. Brown, M.I.T. 


(35 min.) 


F2. Distinguishing Atomic from Molecular Ions: A Review of Positive-Ion Mobilities in the Noble 
Gases. J. A. HoRNBECK, Bell Telephone Laboratories. (35 min.) 
F3. Recent Improvements in the Non-Magnetic Mass Spectrometer. W. H. BENNETT, University 


of Arkansas. (40 min.) 


FRIDAY MORNING AT 


r 9:00 


McMillin 


4 Se 


RABI presiding) 


Business Meeting of the American Physical Society 


FRIDAY MORNING AT 10:10 


Havemeyer 309 


(GREGORY BREIT presiding) 


Nuclear Theory 


Gl. Mass Evidence for the Doubly-Magic Character of 
Sn'® and Ce™,* Henry E. DuckwortH, GEoRGE S. STAN- 
FORD, AND JOHN M. Otson, Wesleyan University.—It has been 
pointed out! on the basis of recent atomic mass measurements 
that major transition points in the packing fraction curve 
appear to coincide with nuclides which, in the scheme of 
Maria Mayer, contain closed shells of both protons and 
neutrons, that is, they are “double magic.”’ Four such nuclides 
are 14Siie®, osNise™, 40Zrs0% and 92Pbi26°*. New mass compari- 
sons will be described which lead to mass values for Sn™, 
Sn'™, Te!®, Te, Tel30, Nd’, Ws, W'!% and W'™. These 
results, when combined with previously reported mass values, 
indicate that abrupt changes in the slope of the packing 
fraction curve occur at s0Snzo!° and ssCess"°, both of which are 
double magic according to the Mayer scheme. Some remarks 
will be made concerning the usefulness of mass data in the 
identifying of closed shell configurations in the nucleus. 

* This work has been done under Contract with the AEC. 


1H. E, Duckworth and R. S. Preston, New England Section, Am. Phys. 
, November 4, 1950. 


G2. Nuclear Energy Surface. Davin L. Hitt, Vanderbilt 
University.—Many data acquired in recent years enable us to 
fill in new detail in the surface passing through the masses of 
the stable and the radioactive nuclei. Interpreting the em- 
pirical surface in terms of the liquid drop model, we may assess 
the adequacy of the “parabola assumption” for isotopic spin 
energy at various parts of the surface, and we may determine 
the isotopic spin energy density as a function of atomic num- 
ber. Associated with variations in this energy density are 
variations in the effective surface tension energy and in the 


mean mass density in the nucleus. We may further indicate an 
approximate connection between these quantities and the 
windings in the valley or the locus of stable nuclei. 


G3. Polarization Effects Due to LS Coupling in n—p 
Scattering. LINCOLN WOLFENSTEIN, Carnegie Institute of 
Technology.—A spin-orbit coupling in the interaction between 
nucleons provides the possibility that nucleons may be 
polarized in nucleon-nucleon scattering. This coupling may be 
due either to the tensor force, for which case the polarization 
effect has been discussed previously,' or to a direct spin-orbit 
interaction, which has been suggested? in recent analysis of 
scattering data. For both of these cases polarization effects 
vanish in the Born approximation. To estimate this effect 
for the second case, a rough calculation has been made for 
n—p scattering at 90 Mev using the Case-Pais LS coupling 
(scattering amplitude calculated to the Born approximation) 
plus a central force (Yukawa potential with ‘‘even’’ exchange: 
scattering amplitude calculated exactly). While the LS coup- 
ling contributes only 12 percent to the unpolarized cross sec- 
tion for scattering angles near 90°, it produces a polarization 
of more than 40 percent. This corresponds to a left-right 
asymmetry of about 2.5 in the 90° scattering of a completely 
polarized neutron beam. This polarization effect is symmetrical 
about 90° in contrast with that due to the tensor force.! 
Possible experiments will be discussed. 


Wolfenstein, Phys. Rev. 76, 541 (1949). 
sie M. Case and A. Pais, Phys. Rev. 80, 203 (1950). 


G4. Effects of Nuclear Spin and Parity on the N"(n, p) 
and (n, a) Reactions.* BERNARD T. FeLp,t Nuclear De- 
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velopment A ssociates.—Recent measurements by Johnson and 
Barschall! of the N4(n, p) and (m, a) cross sections show: (1) 
two sharp (m, p) resonances below 1 Mev; (2) two sharp reso- 
nances between 1 and 2 Mev, of which the first is predomi- 
nantly (m, p) and the second (nm, a). The (m, a) reaction, 
threshold ~0.3 Mev, should not be strongly excited below 
~1 Mev. The devision, above 1 Mev, of the compound nu- 
cleus levels into p- and a-emitting levels may be explained 
(following a suggestion of J. M. Blatt) by the limitation, due 
to angular momentum and parity selection rules, of the pos- 
sible /-values of the protons and a-particles emitted from a 
given N'* level. The level widths and peak cross sections are 
determined by the barrier penetrability of the neutron, proton, 
and/or a-particle involved in the reaction. The data on the 
lowest resonances are consistent with known nuclear spins 
and the assignment of opposite parities to C“ and N". This 
result is of interest for the problem of the 8-decay of C'. The 
large thermal (m, p) cross section requires a relatively close, 
heretofore unobserved (possibly negative) resonance. 


* Work supported by the AEC. 

t Work done while on summer leave from M.1.T. 

1R. K. Adair, Revs. Modern Phys. 22, 249 (1950). 
, 


G5. Neutron Capture Gamma-Rays. BERNARD MARGOLIS, 
M.1I.T.—Assuming electric quadrupole radiation (which gives 
correct estimates for radiation widths), the gamma-rays 
emitted by atomic nuclei after thermal neutron capture have 
been studied theoretically. Maxima for the distribution in 
energy of the gamma-rays from nuclei with high energy level 
densities lie at about 3 Mev. As the level densities decrease 
(i.e., for nuclei with less level structure) the position of the 
maximum moves to higher gamma-ray energies. The form of 
level density assumed in the above is w(E)=Cexp(aE)*. A 
study of gamma-cascades reveals that the average number of 
gamma-rays emitted in the decay of the compound nucleus 
for cases of high energy level density is about three or four. 
This agrees with experiments by Muehlhause.' A nucleus with 
either widely or equally spaced levels radiates almost entirely 
to the low lying levels making the average number of emitted 
gamma-rays not much more than one. 


1C, O. Muehlhause, Phys. Rev. 79, 277 (1950). 


G6. Inelastic Scattering of Neutrons.* W. Hauser, M.J.T. 
AND H. Fesupacu,t Nuclear Development Associates.—It has 
been pointed out that the application of statistical theory to 
inelastic neutron processes does not necessarily lead to iso- 
tropic angular distribution of the emergent neutrons.' The 
angular distribution and total cross section are calculated 
here under the assumption, valid for all but the light nuclei, 
that the statistical model may be applied to the compound 
nucleus. The schematic theory of nuclear reactions? then leads 
to definite predictions which are dependent only on the nuclear 
radius and the properties of the excited levels of the target 
nucleus. Results are sensitive to the parity and angular 
momenta of the excited levels and thus emphasize the useful- 
ness of this type of experiment for nuclear spectroscopy. 
Tables have been prepared from which one may easily obtain 
the angular distribution and total inelastic scattering for 
arbitrary nuclear spin and parity changes but for incident 
and emergent neutrons of angular momenta /<2. Specific 
calculations have been carried through for some nuclei having 
isomeric levels. 

* This work supported in part by the AEC. 

t This work done while on summer leave from M.I.T. 


1L. Wolfenstein, private communication. 
2H. Feshbach and V. F. Weisskopf, Phys. Rev. 76, 1550 (1949). 


G7. On the Directional Correlation of Successive Nuclear 
Radiations. GruLio Racau,* Institute for Advanced Study.— 
Using the algebra of tensor operators! the summations over 
the magnetic quantum numbers which appear in the expres- 
sions of the angular correlations are carried out explicitly for 


the most general case (including polarization, multipole 
interference, 8 — y-correlations, etc.). For non-polarized beams 
the angular correlation function has the form 


W(6) = 2eCiP (cosd), 


where the C; are products of four functions, two of them de- 
pending on the angular momenta of the emitted radiation and 
of the nuclear states involved in each transition, and two on 
the kind and polarization properties of the emitted particles. 
For polarized beams the expression of the angular correlation 
function contains spherical harmonics instead of Legendre 
polynomials if one beam is polarized and the eigenfunctions of 
the symmetrical top if both beams are polarized. 


*On sabbatical leave from the Hebrew University, Jerusalem, Israel. 
1G. Racah, Phys. Rev. 62, 438 (1942), Sec. 3. 


G8. Deuteron Photo-Disintegration with Noncentral Forces. 
NORMAN AUSTERN, University of Waisconsin.—It is well 
known that noncentral nuclear interactions must lead to 
characteristic effects in the deuteron photo-disintegration 
cross section. The most striking effect is an isotropic term in 
the angular distribution, arising in photoelectric transitions. 
It has recently been shown! that the isotropic photomagnetic 
cross section can be closely estimated, so it is now reasonable 
to make careful calculations on the electric isotropic term. The 
effects of noncentral forces strongly involve the nuclear inter- 
action in the P states. Thus, the photo-angular distribution 
may provide a measure of the P wave interaction that is inde- 
pendent of scattering experiments and does not require 
accurate total cross sections. Results will be presented for 
calculations on tensor force effects for potentials which are 
near “half-exchange.” The influence of velocity dependent 
jnteractions will also be discussed. 


1N. Austern, Phys. Rev. (to be published). 


G9. On the Bhabha Potential. Harry Scuirr, McGill 
University —From a generalized wave equation of the fourth 
order, Bhabha derived a static potential for two nucleons 
which can be written 


V = Ae~4r + B(e~4r/Hr)[ —4(01-02)(Hr —2) —}(Ar+1)Si2] 


and does not contain the 1/r* divergence that the previous 
static potentials, based on the generalized wave equation of 
the second order were supposed to have had. The symmetric 
meson theory version of this potential was considered, as 
applied to the deuteron. Calculations were made for A =0, 
with unsatisfactory results. Inspection then showed that the 
inclusion of A required that A and B be negative. These 
parameters were adjusted so that the singlet and triplet deu- 
teron states were satisfied. Calculations with the resulting 
triplet variational wave functions: yielded a quadrupole 
moment that was more than twice as large as the experi- 
mental value, and a triplet effective range that was about 20 
percent too great. The results indicated that the symmetric 
form of the Bhabha potential did not yield values in accord 
with experiment. 


G10. A Relativistic Equation for Bound State Problems. 
H. A. BETHE AND E. E. SaLpeter, Cornell University.—The 
relativistic S-matrix formalism of Feynman is applied to the 
bound state problem for two interacting particles. An integral 
equation is obtained with a kernel in the form of an expansion 
in powers of g*/kc, the dimensionless coupling constant for 
the interaction. Each term in this expansion gives a Lorentz 
invariant equation. In nonrelativistic approximation and to 
lowest order in g*/hc the equation reduces to the appropriate 
Schrédinger equation. This integral equation is applied to the 
deuteron ground state using scalar mesons, with scalar coup- 
line, of mass 4=275 m, for a binding energy of 2.23 Mev. 
For neutral mesons the value obtained for g*/hke differs only 


+ Sa eS aM ania. 
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by a fraction proportional to (u/M)*? from that obtained by 
using a phenomenological Yukawa potential, g*/Ac = 2.39(u/M) 
=0.358. For charged mesons a larger correction term is ob- 
tained due to the fact that a nucleon can emit, or absorb, 
positive and negative mesons only alternately. (g*/hc) is in- 
creased by a fraction of 1.1(4%/M) or 16 percent. 


G11. Nuclear Forces in the Pseudoscalar Theory Accord- 
ing to the Strong Coupling Approximation. J. V. Lepore, 
Indiana University.—The pseudoscalar coupling of the pseudo- 
scalar meson field has not been investigated in the strong 
coupling limit. This is due to the fact that the pseudoscalar 
ys has no clear meaning in terms of two component wave func- 
tions. One must characterize the source by a four component 
wave function. It seems of some interest to investigate this 
case in order to gain insight into the solution of field problems. 
Also, recent experimental results qualitatively support the 
pseudoscalar character of the pi-meson and weak coupling 
approaches for this theory always yield f?/4x%>1. The Tomo- 
naga method is employed. The Hamiltonian may be diagonal- 
ized if the kinetic energy of the nucleons is neglected. The 
source size and coupling constant are related. For the single- 
nucleon problem, part of the energy can be interpreted as a 
mass renormalization of the bare nucleon. The rest represents 
the usual “‘self-field."" Nuclear forces appear similar to those 
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yielded by a scalar theory although this conclusion may be 
altered by a more refined investigation which is in progress. 
Thanks are due Professor Serber, who suggested the problem. 


G12. On the Relation between the Neutron-Neutron Force 
and the y-Ray Spectrum Resulting from «=~ Meson Capture in 
Deuterium. K. M. Watson AND R. N. Stuart, University of 
California, Berkeley—The radiative capture of slow 
mesons in deuterium leads to a final state containing two slow 
neutrons, causing the y-ray spectrum to depend sensitively 
on the nature of the n —n force.! It is shown that to a good ap- 
proximation the y-ray spectrum (near its high energy limit) 
is independent of the detailed mechanism of the meson ab- 
sorption process and can be expressed directly in terms of the 
1S phase shift, 6, for m—n scattering by means of a multiplica- 
tive factor, sin*s. The finer details of the spectrum depend on 
the deuteron wave function essentially outside the range of 
the n—p force and on the details of the absorption in hydro- 
gen—for which an appeal is made to experimental results on 
the inverse process of photo-meson production. The analysis 
leads to a means of deducing the effective range and scattering 
length for the singlet »—n potential. 

1 This effect has been noted by S. Tamor and R. E. Marshak, Phys. Rev. 
80, 766 (1950) and by Brueckner, Serber, and Watson, Phys. Rev. (to be 
published). 


FRIDAY MORNING AT 9:30 


Schermerhorn 501 


(J. H. McMILLEN presiding) 


Fluid Dynamics 


GAl1. Aerodynamics of Blasts. L. TinG AND H. F. Luptorr, 
New York University (Introduced by S. A. Korrr).—The 
pressure and density fields behind blasts passing over surfaces 
of arbitrary flat structures are obtained in explicit analytic 
form. Taking into account the rotationality of flow, due to 
curvature of the shock, it turns out that disturbance pressure 
5p obeys a wave equation. Moreover, the usual condition on 
the structure surface, and the conservation laws across the 
disturbed shockfront are fulfilled. In this way a boundary 
value problem for 6p results. To obtain an analytic solution, 
the following is important: (1) No cone field transformations 
are used, as previously, because that restricts the generality 
of results. Instead: (2) Lorentz transformation of coordinate 
system is introduced. (3) “‘Reflection” of the boundary condi- 
tion is carried out. (4) Some “lost boundary conditions” are 
considered. The resulting expressions for pressure and density 
are explicit and simple; moreover valid for any surface, not 
only for wedges. Since the rotationality of flow is restricted toa 
triangular domain behind the shock, a plot of isobars and 
isopycnics shows how suddenly each isopycnic splits off from 
the corresponding isobar after traversing the “‘demarcation 
line.” Thus, a “slipstream” is derived, in accordance with 
W. Bleakney’s interferograms. 


GA2. An Experimental Investigation of Transonic and Ac- 
celerated Supersonic Flow by the Hydraulic Analogy. E. V. 
LAITONE, University of California, Berkeley—The funda- 
mentals and the experimental technique for the analogy be- 
tween the gravity waves propagated on the free surface of a 
shallow body of liquid and the two-dimensional flow of a 
compressible gas are briefly reviewed. The experimental 
investigation is then devoted to the transonic problem of 
detached shock waves in front of a wedge moving at varying 


supersonic speeds. The first part of the report is mainly con- 
cerned with the experimental location of the detached shock 
wave as a function of the free stream Mach number in steady 
flow and a correlation with existing theories. The second part 
of the report provides an experimental study of the effect of 
acceleration and deceleration on the shape and location of 
detached and attached shock waves. This is the most impor- 
tant development since no other method can so easily yield 
as much information on the effect of acceleration on the forma- 
tion of attached and detached bow shock waves. The experi- 
mental data are correlated on the basis of a non dimensional 
acceleration parameter and several hypothesis are advanced for 
predicting the behavior of shock waves in accelerated flow. 


GA3. Oblique Shock Wave Theory with Heat Exchange 
and Change of State. FrepERICK W. Ross, University of 
Detroit.—Theory is presented for oblique shock waves involv- 
ing (1) heat exchange, &,, (2) transfer of part of the compres- 
sible fluid, 2, to an incompressible state, and (3) change in 
specific heat ratios, ks. By matching mass flow, momentum, 
and energy relations across an oblique finite disturbance it is 
shown that these additional conditions introduce new terms 
in the solution of the form kju;/(u:—ue). For ki not zero a 
minimum shock angle is found which always exceeds the 
Mach angle by a definite increment. For air-flow at ;/a* of 
1.5 with dew point —20°F this increment is calculated as 3.1 
degrees. For expansion about a corner such flow differs from 
the Prandl-Meyer type and in supersonic nozzles, for example, 
oblique shock waves are predicted which can explain anomal- 
ous pressure losses and the presence of extraneous waves. 
Hodographs of the velocity solution include a doubly infinite 
set of curves, one, the usual set, introduced by Mach number 
as parameter and the other by &. The theory includes physi- 
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cally possible normal and oblique flows involving increase of 
supersonic velocities, and subsonic shock waves of which 
oblique flame fronts are indicated as one form. 


GA4. Some Results Obtained with a Hot Wire Anemometer 
and a Shock Tube.* R. Betcuov, University of Maryland.— 
A hot wire anemometer and a small shock tube were- used to 
study the time lag of the wire and its behavior in a supersonic 
flow. Some information was also obtained on the transient 
phenomena in a shock tube. The electrical resistance of the 
wire was kept constant by a special feed-back amplifier, this 
made it possible to determine whether the time lag of the wire 
T, when the current changes, is equal or not to the time lag 
T. when the air flow is modified. The differences are certainly 
smaller than the effect predicted by a simple theory of the 
wire based on a linear differential equation (King’s formula, 
heat conduction in the metal and linear relation between re- 
sistivity and temperature). By introducing a nonlinear term 
(completed King’s formula and parabolic relation between 
resistivity and temperature) we can explain this very favor- 
able property of the hot wire. 


* Supported by the Office of Air Research. 


GAS. A Study of Flows in a Shock Tube.* R. K. Loss, 
University of Maryland.—An investigation of the flows in a 
shock tube has been carried out, with emphasis on the high 
Mach number flows between the contact surface and the rare- 
faction wave. Theory predicts an unlimited Mach number in 
this region as compared to a maximum Mach number of 1.89 
(for air) in the region between the contact surface and the 
shock wave. This flow is less uniform than in the latter region. 
However, it does have a much higher density and Reynolds 
number. Two transient shock waves decreased the duration 
of the steady state flow below that predicted by theory. The 
Mach numbers of the steady flow diverge sharply from theory 
for diaphragm pressure ratios over 300 and approach a maxi- 
mum of 5.0. This suggests further experiments to check the 
one-dimensional nonstationary rarefaction wave theory' for 
extreme expansions. 


* Sponsored by the Institute of Aerophysics, University of Toronto. 
1R. Courant and K. O. Friedrichs, Supersonic Flow and Shock Waves 
(Interscience Publishers, Inc., New York, 1948). 


GA6. Refraction of Shock Waves. R. G. Sroner, The 
Pennsylvania State College-—Experimental study of shock 
wave refraction at a gas interface’ has been extended to the 
interaction of plane shocks with a plane boundary between 
two different gases. A shock tube of rectangular cross section, 
1? by 74 inches, has been constructed. A test section allows 
a plane soap film extending across the narrow dimension of 
the tube to be drawn to a length of about 6 inches, closing 
off a small changer into which the second gas is introduced by 
flow. This mechanism is mounted between Lucite disks which 
form the observation windows, and which can be rotated 
about an axis lying in the tube wall to change the angle of 
incidence between the shock front and the interface from 0° 
(head-on) to about 60°. Spark shadowgraphs are taken, from 
which the orientation of reflected and refracted shocks can be 
obtained. Preliminary series of pictures have been taken of 
shocks traveling from air into several other gases, at shock 
strengths ¢ between 1.0 and 0.65. Extension to stronger shocks 
will require alteration of the test section to allow operation at 
reduced pressure. 

1R. G. Stoner and M. H. Glauberman, Phys. Rev. 76, 882 (1949). 


GA7. The General Theory of Linearized Rotational Com- 
pressible Flow and Applications. Ca1EH-CHIEN CHANG AND 
Boa-Ten Cau, The Johns Hopkins University.—The funda- 
mental equations governing the motion of a steady nonviscous 
compressible flow can be linearized for a parallel but not 
necessarily uniform main stream when the disturbances are 
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small. For two-dimensional and axially symmetric flow, these 
equations can be reduced to the generalized Cauchy-Riemann 
equations considered by Bers and Gelbart. For general three- 
dimensional flow, a single second-order partial differential 
equation is obtained. It is shown that in general, the linearized 
equation may be applied in the transonic range. For example, 
transonic flows with different velocity gradients in a parallel 
channel with wavy walls are solved. For some main stream 
gradients, simple solutions can be found and the pressure 
distribution on an arbitrary airfoil in supersonic flight is calcu- 
lated. In one case, the result can be readily compared with 
Ackeret’s thin airfoil theory—the latter gives only a first 
approximation for pressure distributions when the main 
stream velocity gradients in the neighborhood of the airfoil 
are small. General solutions of the two-dimensional problem 
are constructed for arbitrary main stream gradients and are 
applied to study:—(1) Interaction of shock wave and bound- 
ary layer with arbitrary velocity profile; (2) Transmission of 
disturbances across shear layer; (3) Pressure distribution on 
an arbitrary airfoil. 


GA8. Explicit Determination of Contour Integral Repre- 
sentations of General Solutions for One-Dimensional Com- 
pressible Fluid Flow.* R. P. Saaw, New York University.— 
By a suitable hodograph transformation the Eulerian (or 
Lagrangean) equations can be written as linear equations for 
radial waves in hodograph spaces whose positive (or negative) 
numbers of dimensions depend on the adiabatic exponent. 
General solutions in a form exhibiting forward-, and backward- 
traveling waves can be written as contour (or real) integrals 
with extremely simple algebraic kernels. The two arbitrary 
functions f, and f_, appearing in the integrands can then be 
determined to fit various types of arbitrary initial and bound- 
ary data. If two arbitrary simple waves interact, each function 
is determined by data from one of the waves. If a simple wave 
is reflected from the open end of a tube (constant pressure 
condition), f_ is determined by the wave and f, is a func- 
tional transform of f_. For air, f, satisfies a modification of 
Bessel’s equation with an inhomogeneous term depending 
only on f_. 

* The work described in this paper was done with the support of the 


ONR, Department of the Navy, and the Office of Air Research, Department 
of the Air Force. 


GA9. The Pressure Field Associated with the “Spinning” 
Detonation.* A. J. MooraptAn, S. A. HosHowsky, AND W. E. 
Gorpon, University of Missouri.—Previous workers have ob- 
served from photographs of detonating gas mixtures that the 
luminous zone follows an helical path near the walls of the 
tube.' We have found that there is associated with this “spin- 
ning” detonation an oscillating pressure field which has helical 
symmetry, and which persists with decreasing amplitude for 
some distance behind the detonation front. The wavelength 
of the spin, computed as the product of the period and the 
detonation velocity, is equal to the observed pitch of the heli- 
cal path. The phenomenon has been found in a number of 
hydrogen-oxygen mixtures with various diluents, and it is 
always present near the detonation limits (both pressure and 
composition limits). Curiously, spin is present both in lean 
and rich mixtures, but is absent from certain intermediate 
compositions. Certain regularities have been observed in the 
dependence of the wavelength on the composition and the 
pressure. No satisfactory theoretical explanation has been 
found. 

* This work was carried out under ONR Contract. 

* Campbell and Finch, J. Chem. Soc. 2094 (1928). Bone and Fraser, 


Phil. Trans. Roy. Soc. A230, 373 (1931). Bone, Fraser, and Wheeler, Phil. 
Trans. Roy. Soc. A235, 29 (1935). 


GA10. An Analysis of a Stokesian Fluid. K. M. Srecet, 
University of Michigan.—When the Reynolds number is less 
than one, the incompressible Navier-Stokes Equation reduces 
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to the equation of Stokes. The resulting equation is a linear 
fourth-order partial differeatial equation. A method based on 
the separation of variables solution for the Stokes stream 
function for an ideal flow yields nontrivial solutions to the 
Stokesian Fluid Equation for a viscous flow. An observation 
is made that three constants of the motion remain unchanged 
when one goes from the ideal flow solution to the Stokesian 
fluid solution for the same body or similar type bodies (ones 
which are finite in extent and are contour surfaces of separable 
Laplacian Coordinate Systems, such as a sphere or an ellip- 
soid). These constants are associated with boundary condi- 
tions which have remained unchanged between the ideal 
fluid and the Stokesian Fluid. They are the ones which require 
the normal velocity at the surface to be equal to zero and the 
disturbances due to the body to tend to zero as one approaches 
infinity. 


GAl11. Skin Friction in Supersonic Rarefied Gas Flow. 
S. A. ScHaar AnD F. S. SHERMAN, Berkeley.—Experimental 
and theoretical results are presented relating to the drag 
coefficient Cp for a flat plate at zero angle of attack in a 
supersonic air stream of such low density as to introduce slip 
effects. Drag data were obtained in a low density supersonic 
wind tunnel over a Mach number M range of 2.2 to 3.5. The 
Reynolds number R, based on length of flat plate, was varied 
both by using plates of different length and by changing the 
air stream pressure level and extended over a range of 30 to 
2000. An extension of the classical Rayleigh flat plate viscous 
flow theory to include the effects of slip was developed and 
lead to a relation in the form CpM=f(M?/R). The experi- 
mental data confirms this theory over the range of values 
tested within a mean scatter of +5 percent. This work was 
performed under an ONR contract. 


GA12. The Response of Water to Spherical Missiles Enter- 
ing at Supersonic Speeds.* R. L. KRAMER AND J. H. Mc- 
Mitten, U. S. Naval Ordnance Laboratory.—One-eighth-inch 
diameter steel spheres were shot vertically downward into 
water at velocities up to 7000 ft/sec and the impact and pene- 
tration investigated shadowgraphically. Evidence was ob- 
tained indicating that very high temperatures are produced 
upon impact at supersonic speeds. Photographic records 
showed that supersonic impacts are accompanied by the emis- 
sion of a short flash of light. Also the shadowgraphs show the 
presence of highly agitated masses of air or water vapor near 
the point of impact. Shadowgrams were obtained of the 
supersonic missiles during the flight through water using 
photographic films placed only two sphere diameters from the 
missile. The resulting reduction in optical refraction gave 
improved position records and permitted an estimate of the 
drag coefficient for spheres. The measured values ranged from 
0.3 to 0.7 and were larger than the coefficient of 0.3 for sub- 
sonic speeds and smaller than the coefficient of 1.0 for air at 
the same Reynolds and Mach number. By tracing individual 
spark beams through the shock wave configuration just be- 
hind the front the ratio of radial to tangential gradients of 
the density was inferred. 


* Partially supported by the ONR. 


GA13. Dependence of the Water-Entry Cavity on the 
Surface Condition of a Missile Model.* ALsert May, U. S. 
Naval Ordnance Laboratory.—Heretofore the scaling of water- 
entry events has been investigated principally by varying the 
velocity, size, or density of the entering missile, or the con- 
stants of the gas above the water. Since, at low speeds (20 
{t/sec), vertically-entering spherical missibles do not form 
cavities as readily when the missile surface is clean as when 
contaminated by handling or greasing, a search was made for 
the scaling law applicable to the cavity-formation threshold. 
For a given entry speed, however, whether a cavity will be 
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formed seems to depend little on the size or specific gravity 
of the sphere, or the choice of a particular contaminant. 
Clean steel and Duralumin spheres with diameters from } to 
3 in. formed cavities for speeds above 18 to 21 ft/sec, and 
greased spheres above 10 to 13 ft/sec. Our cavity-threshold 
scaling investigations do not indicate a predominant effect 
of surface forces. The use of still smaller steel spheres has given 
some evidence of Froude scaling of the threshold. 


* Partly supported by the ONR. 


GAI4. Some Aspects of Air Condensation in Hypersonic 
Wind Tunnels. S. G. ReeEp, Jr., U. S. Naval Ordnance 
Laboratory.—Recent data obtained with the Naval Ordnance 
Laboratory hypersonic wind tunnel indicates that condensa- 
tion of air, with little change in entropy, is probably occurring 
around the extrapolated dew-point for air. Some consequences 
of assuming that the condensation of one-component systems 
is isentropic were examined. It is shown that upper limits can 
be assigned for the quantity condensed in such expansions. 
The deviation of the slope of the static pressure versus volume 
curve from the extrapolated perfect gas curve and from the 
dew-point line is calculated. These results indicate that the 
deviation of the static pressure values from the perfect-gas 
isentrope values will be small when the point of condensation 
occurs on the flat portion of the pressure-volume curve of the 
expansion. In actual experiments, the slight gain in entropy 
and the real gas properties both tend to make the effect of 
condensation on measured pressure values even smaller. 
Applications of these results to some hypersonic wind tunnel 
measurements are discussed. 


GAI5. Hydrodynamical Theory of Slider Bearing Lubrica- 
tion. A. CHARNES AND E, SAIBEL, Carnegie Institute of Tech- 
nology.—The usual method of solving the slider bearing prob- 
lem is to start from the equation giving the approximate 
solution, developed by Reynolds,' and to assume the thick- 
ness of the oil film to be a linear function of the coordinates. 
This leads to an equation which is awkward to solve, conse- 
quently series solutions for a limited range of the parameters 
involved have been developed? and approximate solutions have 
also been given.’ In this paper, an exact solution is developed 
for a slider with or without side leakage having an oil film of 
thickness equal to an exponential function. The result is a 
tractable solution in the form of a rapidly convergent series 
over the complete range of the parameters for pressure, 
maximum pressure, total load, and center of pressure. The 
results compare favorably with the exact solution extant for 
the linear slider and the proposed solution may be used as 
either an approximation to the linear slider or as an exact 
solution for a slider of exponential form in its thickness. 

10. Reynolds, Trans. Roy. Soc. (London) 177, pt. 1, 157-234 (1886). 


2 Muskat, Morgan, and Meres, J. Appl. Phys. 11, 208-219 (1940), 
*C. R. Boegli, J. Appl. Phys. 18, 482-488 (1947), 


GA16. The Physical Properties of Active Nitrogen and its 
Application to the Study of Low Density Flow. James M. 
Benson, Langley Aeronautical Laboratory—The physical 
properties of active nitrogen have been investigated experi- 
mentally in low density flow at velocities extending into the 
supersonic region. The results indicate that active nitrogen 
may be used for observations of flow at low density without 
introducing excessive disturbances in the stream. The posi- 
tions of shock waves are correctly indicated by afterglow, 
but it appears that the afterglow should be observed through 
a suitable filter to obtain correct indications of density in the 
flow. The experimental results will be discussed briefly to 
show that they are inconsistent with Mitra’s theory of the 
afterglow and that a metastable molecular state having ener- 
gies adjoining those of the B state appear to be required to 
explain the response of the afterglow to a shock wave. Experi- 
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mental methods will be described for the study of supersonic 
flow at low density by the use of the Lewis-Rayleigh afterglow 
in shock tubes. The methods are applicable also to a more 
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detailed analysis of the Lewis-Rayleigh afterglow and its 
transient response throughout the spectrum to the step- 
function changes associated with a shock wave. 


FRIDAY MORNING AT 10:10 
McMillin 
(W. F. G. Swann presiding) 


The Nevis Laboratory; Cosmic Rays 


Hl. The Cyclotron at Nevis. E. T. Boorn, Columbia University. (30 min.) 
H2. Meson Reactions in Hydrogen and Deuterium. R. E. Marsnak, University of Rochester. 


(30 min.) 


H3. Nuclear Interaction of Negative Pi-Mesons. G. BERNARDINI, Columbia University. (30 min.) 
H4. The Production of Mesons by Protons. J. SreEINBERGER, Columbia University. (30 min.) 


FRIDAY MORNING AT 9:30 
Pupin 301 
(P. P. EWALp presiding) 


Non-Metallic Crystals 


HAI. Theory of Antiferroelectric Crystals. C. KitTTeL, 
University of California, Berkeley.—An antiferroelectric crystal 
will be defined as a crystal in which lines of ions or cells are 
spontaneously polarized, but with adjacent lines polarized 
in antiparallel directions. The antiferroelectric state is known 
to be more stable than the ferroelectric state for dipoles ar- 
ranged at the lattice points of bcc, fcc, and simple cubic lattices, 
when only dipolar interactions are considered. The theory 
has been developed on the supposition that the transition is 
of the second order. The dielectric susceptibility is mot ex- 
pected to follow a C/(T+86) law as in antiferromagnetism; 
but may rather on passing through the Curie point remain 
nearly constant, and at a not particularly high value. The 
anomaly in the heat capacity should be similar to that ob- 
served in ferroelectrics, and x-ray superstructure lines should 
also be observed. AC/(7T'+6) susceptibility variation as re- 
ported in SrTiO; is suggestive of a ferroelectric above an 
effective negative Curie or transition temperature; the Curie 
temperature in this case could perhaps be made positive by 
the application of a large hydrostatic pressure, although in 
BaTiO; pressure has the opposite effect. 


HA2. The Ionic Displacement in Barium Titanate. H. C. 
ScHWEINLER, M.J.7.—Slater’s method of treating the Lorentz 
correction in a crystal! has been applied to a model of barium 
titanate in which both the titanium ions and the oxygen ions 
can experience appreciable displacements. To explain the 
experimental observations of Kaenzig* on the ionic displace- 
ments, we must assume that the titanium ion is seven times 
as strongly bound to its equilibrium position as is the oxygen 
ion. The local fields are in the ratio Eps:Eri:Eo::Eo2: 
Eos: :0.40:1.67:0.34:0.34:1.05, where O, are the oxygens in 
line with the titaniums and the applied field and O,, O2 are 
the remaining oxygens. This last shows clearly the inadequacy 
of an “average field” assumption. 


1J. C. Slater, Phys. Rev. 78, 748 (1950). 
2 W. Kaenzig, Phys. Rev. 80, 94 (1950). 


HA3. BaTiO; Single- Domain Crystals at Low Temperature.* 
WaLTER J. Merz, M.I.7.—Blunt and Love' found for 
BaTiO; ceramics at about 70°K a peculiar peak in the di- 
electric loss. Hulm*? found for multi-domain crystals a strong 
increase of the coercive field-strength when lowering the tem- 
perature and was unable to polarize the crystals completely 
below 20°K. Since this situation might indicate a new low 
temperature transition of BaTiOs, we investigated it on 
single domain crystals.* The dielectric constant decreases 
linearly below the transition at about 180°K and reaches the 
value of about 130 at liquid helium temperature. We could 
not find any anomaly in the dielectric loss. A strong increase 
in the coercive field-strength occurs below 90°K, but using 
good crystals we were able to saturate them even at helium 
temperature. The spontaneous polarization stays almost 
constant from ~180°K down to 4.2°K with a value of P,~8.5 
X10~* coul/cm*. The coercive field-strength increases from 
about 250 volts/cem at 180°K to about 10,000 volts/cm at 
4.2°K, but BaTiOs stays ferroelectric without any additional 
transition, 

*Sponsored by the ONR, the Army Signal Corps, and the Air Force. 

iR. F, Blunt and W, F. Love, Phys. Rev. 76, 1202 (1949). 


2J. K. Hulm, Proc. Phys. Soc. (London) 63A, 1184 (1950). 
+ Walter J. Merz, Phys. Rev. 76, 1221 (1949). 


HA4. Optical and Electrical Measurements on Rutile 
Single Crystals.* Donatp C. CronemMEyer, M.I.7.—The 
intrinsic conductivity for plates cut both parallel and per- 
pendicular to the c-axis has an activation energy of 1.5 ev 
(from «= ave~*/*T). This activation energy is maintained over 
a temperature range, 350 to 850°C.The optical transmission 
shows an absorption rising toward 4100A. This absorption 
moves toward the ultraviolet at low temperatures and simul- 
taneously increases in steepness. Near 4°K the threshold of 
absorption lies near 4100A, and the absorption is so sharp 
that the optical density changes from 0.3 to 3 over a wave- 
length change of 20A. On the other hand, the position of the 
absorption peak moves slightly towards longer wavelengths 
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as the temperature decreases below 100°K. The optical 
activation energy of 3.0 ev should correspond to the thermal 
activation energy of 1.5 ev. 

* Sponsored by the ONR, the Army Signal Corps, and the Air Force. 


HAS. Shear Modes of Vibration in Thick Plates.* VirciL 
E. Bottom, Colorado A. and M. College-—By means of the 
piezoelectric effect many inharmonic overtones of thickness 
shear modes may be excited in a quartz plate. Series relation- 
ships exist between the frequencies of these modes.! An ap- 
proximate treatment of the origin and nature of these modes 
has been carried out by neglecting the nonisotropy of the 
medium and the coupling to other modes of vibration. The 
treatment consists of solving the three-dimensional wave 
equation for the boundary conditions applicable to a thick 
circular plate which is rigidly clamped around the periphery 
and vibrating in thickness shear. In spite of the approxima- 
tions, several features of the overtone spectrum are explained, 
and fair agreement between the observed and calculated over- 
tone frequencies is obtained. 


* This work supported by Signal Corps contract. 
1 Bever, Bottom, and Weber, Phys. Rev. 74, 1562 (1948). 


HA6. A Comparison of Internal Viscosities of Natural 
and Synthetic Quartz.* Kari S. Van Dyke, Gary D. Gorbon, 
GEorGE F. FIsHER, AND WILLIAM F. PALMER, Wesleyan Uni- 
versity.—Q's of the order of 5105 are measured for 300 kc, 
half-inch rings of both synthetic and natural quartz. No 
significant difference is found between the viscosities of a clear 
natural sample and a clear synthetic sample. The decay 


method of earlier reports' is used, which yielded Q’s to 6X 10° 
ke for a 6.3-cm ring of natural quartz. Mounting losses are 
kept at a minimum by use of a basket-like suspension on three 
single silk fibers. The surfaces of the rings are etched and they 


vibrate in vacuum. Experimental data are not available for 
comparing the internal viscous properties of the present 
samples of quartz with that sample which earlier gave Q’s in 
the millions for a very large ring. A series of geometrically 
similar rings covering a wide range of diameters and all cut 
from the same crystal of quartz is in preparation and Q-meas- 
urements on these are expected to provide a basis for such a 
comparison. Two samples of synthetic quartz are under study, 
one grown by the Brush Development company, the other by 
the Bell Telephone rere 


* This work is supported by the U. Army Signal Corps. 
1 Waltz, Maynard, and Van Dyke, r ‘Acoust. Soc. Am. 19, 732 (1947). 


HA?7. Deviations from the Cauchy Relations in NaCl- 
and CsCl-Type Crystals. E. Burstemn, P. L. SMITH, AND 
D. L. ARENBERG, Naval Research Laboratory and U. S. Naval 
Air Development Center.—Recent measurements have made 
available additional information on the factors which lead to 
deviations from the Cauchy relations.' In crystals made up of 
ions with rare gas configurations the contribution from the 
“many-body” forces associated with overlapping of the ions 
is positive for ca, and negative for ¢i2, so that ¢44/c12>1.* Thus, 
in LiF, NaF, and MgO, where the overlapping between ions 
is appreciable, the experimental values at room temperature 
for C4a/Ci2 are 1.4, 1.2, and 1.8, respectively. The ca, and ¢12 
values are roughly equal for NaCl, NaBr, KCI, KBr, KI, 
RbCl, and CsBr where the overlapping of ions is smaller. In 
crystals where the cations do not have a rare gas configuration, 
the experimental data indicate that ¢44/¢12 <1. Thus, in AgCl, 
AgBr, TICI, and TIBr, the cs4/ciz values are 0.18, 0.22, 0.50, 
and 0.51, respectively. The deviations from the Cauchy rela- 
tions in these crystals may be attributed to contributions from 
exchange and correlation energies and deformation of the ions. 
These contributions are presumably larger than those from 
the overlapping of ions in PbS where the ¢44/c12 value is 0.8. 

1 Smith, Burstein, and Arenberg “The elastic properties of cubic crystals,” 


(to be published). 
* Per-Olov, Léwdin, Arkiv Mat., Astron. Fysik 35, No. 30 (1948). 
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HAS. Electrical Breakdown Paths in Asymmetrical Crystals. 
James W. Davisson AND Exias Burstetn, Naval Research 
Laboratory.—Electrical breakdown paths in NaClO;, NaBrOs, 
ADP, and KDP follow the equivalent direction scheme pre- 
scribed by the class symmetry of the cyrstal. The paths are 
found to be unidirectional, in agreement with the fact that 
the equivalent directions in crystals which lack a center of 
symmetry are not centrosymmetric. This property manifests 
itself as follows. Imagine the crystal section divided into four 
quadrants. Then the path pattern obtained from a negative 
point electrode placed at the center will normally yield paths 
that lie in two quadrants that are diagonally situated, while a 
positive point electrode yields paths that lie in the remaining 
two quadrants. The orientation of the paths is dependent 
upon temperature and voltage. In addition, the positive and 
negative patterns are generally not equivalent. In ADP and 
KDP the positive and negative patterns, unlike those in 
NaClO;, NaBrO and the alkali halides,! are actually confined 
to different set of planes in their variation with temperature. 
Thus, an essential polarity effect exists. The polarity effect is 
especially marked in ADP at low temperatures, where the 
positive and negative patterns both lie within the same two 
quadrants. 


1J. W. Davisson, Phys. Rev. 73, 1194 (1948). 


HA9. Growth of Single Crystals of BaO by Vapor Phase 
Deposition on MgO Crystals at High Temperature,* WILLIAM 
C. Dasn, Cornell University.—A seeding technique has been 
developed in connection with experiments on vapor phase 
growth of BaO at this laboratory.! A single MgO crystal slab 
1 cm? is placed into a 1 cm cavity inside a cylinder of com- 
pressed BaO powder. The cylinder is then enclosed in platinum 
and crystalline MgO and surrounded by three independently 
powered molybdenum heaters in a vacuum furnace. The 
temperature of the cylinder is slowly raised to about 1400°C 
with a gradient maintained across the cavity in such a direc- 
tion as to prevent condensation on the MgO at temperatures 
where surface mobility is low. Then the temperature gradient 
is reversed and held at 20° to 30° across the cavity, thereby 
evaporating BaO onto the MgO. Occasionally crystals as 
large as 1 cmX1lcmX1.5 mm are obtained in 48 hours of 
growth. The top of the crystal frequently exhibits terraces with 
parallel planes whose normal is perpendicular to the MgO 
surface. The other axes are sometimes parallel to the MgO 
axes, sometimes at 45° to the MgO axes; and frequently there 
are macroscopic regions of each of these orientations. 

* Work supported by ONR and the Research Corporation. 


“Preparation and some electrical properties of barium oxide crystals," 
Technical Report No. 2. ONR Contract N6-ori-91, 


HAI10. Oriented Overgrowths of Alkali Halides on Calcite. 
L. G. Scuutz, University of Chicago.—Thin films of alkali 
halides formed on cleavage surfaces of calcite were examined 
with electron diffraction. Relative to the long diagonal, LD, 
of a face of the cleavage rhomb the following orientations 
were observed. (1) Deposits of NaCl, KCl, KBr, KI, and RbI 
grown from the vapor had the [001] direction normal to the 
substrate with the [110] direction perpendicular, or parallel, 
to LD. NaCl, KCl, and KBr had the same orientation when 
grown from solution. (2) Deposits of KI and RbI grown from 
solution had the [111] direction normal to the substrate with 
the [110] direction parallel to LD. (3) Deposits of LiF grown 
from the vapor and from solution had a [741] direction normal 
to the substrate and the [121] direction approximately 
parallel to LD. (4) Deposits of CsCl and CsBr grown from 
solution had the [110] direction normal to the substrate and 
the [110] direction parallel to LD. When grown from the 
vapor, these two salts had an abnormal NaCl structure with 
orientation (1). A discussion will be given of the probable 
reason for each orientation. 
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HAII1. The Structure of Ammonium Chloride by Neutron 
Diffraction. G. H. Go_pscumipt aNp D. G. Hurst.—The 
positions of the deuterium in ND,Cl have been determined by 
neutron diffraction. Powdered crystal measurements at 
— 180°C and 23°C with neutrons of wavelength 1.07A gave 
observed structure factors which were compared with those 
calculated for various arrangements of deuterium in the known 
lattice. Very good agreement was found at low temperature 
for a 7d! lattice in which the deuterons lie on cube diagonals 
at a distance of 1.03A from the nitrogen. The same type of 
lattice occurs at room temperature. At neither temperature 
is there any evidence for disorder or rotation. Owing to lattice 
energy, the deuterons do not appear as points, but occupy a 
finite space. The results indicate a spherical cloud for the 
deuteron at low temperature, and a spreading out transverse 
to the diagonal at room temperature. The room temperature 
motions can be interpreted in several ways, among them is an 
angular oscillation of the tetrahedron about the nitrogen as 
center, or a precession around the diagonals. On the assump- 
tion of Gaussian distributions of density and negligible in- 
elastic scattering, the characteristic radius of the spherical 
cloud is 0.28A and the characteristic angle from the diagonal 
is about 17 degrees. 


HA12. The Cohesive Energy of Solid NH;. Rosert L. 
HELLENS, Yale University—In previous calculations of the 
forces between NHg molecules the second virial coefficient 
has been used, in conjunction with optical dispersion data and 
the known dipole moment, to determine the interaction energy. 
Exact inclusion of the effect of the higher multipole terms in 
the potential energy is difficult in this type of treatment. In 
the present work the cohesive energy of solid NH; has been 
computed for a face-centered cubic lattice, taking account of 
the multipole forces as far as the dipole-octupole term. The 
energy of the crystal assumes a minimum value when the 
face-centered lattice is slightly distorted, corresponding to 
rigid displacements of the four interpenetrating cubic lattices 
which comprise the face-centered lattice. Since the existence 
and position of this minimum depend critically on the higher 
multipole terms, the lattice deformation found by x-ray meas- 
urements may be used to determine the one disposable para- 
meter in the multipole expansion, and thus the quadrupole 
and octupole moments. One part of the dipole-octupole term 
depends on the positions of the hydrogen atoms in the crystal 
and therefore displays properties usually associated with the 
presence of hydrogen bonds 


HAl13. The Dielectric Polarization of Ice. J. A. SCHELLMAN 
AND W. KavuzMANN, Princeton University.—The dielectric con- 
stant of ice is interpreted in terms of the Kirkwood theory, 
assuming that the relative configuration of neighboring mole- 
cules is chiefly determined by electrostatic interactions. This 
calculation leads to configurations unfavorable to a large 
dielectric constant. Assuming the validity of the Kirkwood 
equation, either of two conclusions can be drawn from this: (1) 
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the electric dipole moment is greatly increased by hydrogen 
bond formation; or (2) intermolecular forces stronger than 
electrostatic forces cause crystalline ice to exist in an electro- 
statically unfavorable average configuration. The mechanism 
of dielectric polarization of ice is now generally explained in 
terms of proton transfer rather than molecular rotation. It is 
usually assumed that ice can, by transfer of protons, assume 
a state of polarization interpretable in terms of the orientation 
of dipoles. Our investigation shows that this mechanism can 
only result in the ordinary polarization of a conductor, which 
is consistent with experimental data. Alternate mechanisms 
will be discussed. 


HA14. The Dielectric-Strain Constant at Radar Frequen- 
cies.* C. W. Horton anv C. S. McCesky, Jr., The Uni- 
versity of Texas.—Measurements are being made of the de- 
pendence of the dielectric constant of glass, polystyrene, and 
other plastics on the stress and strain. The sample is mounted 
in a section of a rectangular wave guide which is excited in the 
TE,9 mode. Measurements made on polystyrene show that 
when the applied force is parallel to the electric vector, the 
fractional change of the dielectric constant, Ae/e, is propor- 
tional to the principal strain for strains as large as 0.014. The 
constant of proportionality is 1.12. The stress-strain curve for 
polystyrene is not linear over this range, so that the fractional 
change of the dielectric constant is not proportional to the 
stress. Similar measurements have been made when the applied 
force is perpendicular to the electric vector and to the axis of 
the wave guide. In this case the applied force is parallel to the 
critical dimension of the wave guide and the change in the 
geometry dominates the measurements. Satisfactory correc- 
tions for these effects have not been made yet. Measurements 
are made at 3.2 centimeters by comparing the phase of the 
wave that passes through the test sample with that of a stand- 
ard reference signal. 


* The work described in this paper was done at Defense Research Labora- 
tory under the sponsorship of the Bureau of Ordnance, Navy Department. 


HAIS. Propagation of Excitation in Certain Insulating 
Crystals. Witt1aM R. HELLER, University of Illinois—On 
the basis of the customary scheme for discussion of the propa- 
gation of excitations in insulating crystals,! it is shown that 
two modes of transport may be contrasted in crystals without 
large overlap of electronic wave functions of the crystal con- 
stituents. When the oscillator strength for optical absorption 
is small, the exciton is shown to have a very large effective 
mass, and propagation (analogous to sensitized fluorescence) 
is a diffusion phenomenon.? When the oscillator strength 
approaches unity, the frequency of excitation tunneling will 
exceed the frequencies of internal motion of the crystal con- 
stituents, and one should observe “resonance” propagation 
with an appropriate wave number. 

1F. Seitz, Modern Theory of Solids (McGraw-Hill Book Company, Inc., 


New York, 1940), p. 413. 
2 T. Férster, Ann. Physik (2), 55 (1947). 


FRIDAY MORNING AT 9:45 


Horace Mann 


(L. J. HawortH presiding) 


Apparatus of Nuclear Physics 


Il. Current Loading in Ion Accelerating Tubes. J. L. 
McKIBBEN AND KEITH Boyer, Los Alamos Scientific Labora- 
tory.—Experiments have shown that “electron loading’’* 


phenomena in accelerating tubes is a by product of a positive 
ion— negative ion chain reaction. The 45-section accelerating 
tube used was 8 inchesi.d. and 224 inches long and was mounted 
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without ion source in a small Van de Graaff. The threshold for 
discharge between the ends of the tube increased from 0.6 to 
1.8 Mev as: (a) the pressure was increased to 0.1 micron, (b) a 
bias voltage was applied to the cathode surface. The upper 
limit was imposed by breakdown between individual elec- 
trodes. The cathode surface was then moved 1} feet further 
from the accelerating tube by use of a screen lined Lucite tube. 
The application of a magnetic field which prevented electrons 
but not negative ions from returning to the anode surface did 
not change the threshold voltage for the discharge. Further- 
more, it eliminated x-rays. The electron current from cathode 
to the screen inside the Lucite tube was 50 times the positive 
ion— negative ion current. The probability of an electron re- 
leasing a positive ion was found to be 1.210‘ from 0.7 to 
1.7 Mev in another experiment. Analysis of positive ions in a 
fourth arrangement showed that they were mostly hydrogen. 


*C. M. Turner, Bull..:Am. Phys. Soc. 25, No. 5, 17 (1950). 


12. Van de Graaff Injector for Brookhaven Cosmotron. 
R. G. Hers, University of Wisconsin; J. G. Trump, M.I.T.; 
J. L. Danrortu, AND E. A. Burritt, High Voltage Engi- 
neering Corporation——A 4-Mev proton accelerator has been 
installed for use as an injector to the proton synchrotron 
at Brookhaven National Laboratory. This electrostatic acce- 
lerator follows the Herb design, and is housed in a steel pres- 
sure tank 8 feet in diameter and 25 feet long. A set of tracks 
permits the tank and high potentials shells to be rolled away 
from the column. Pulsed, analyzed proton beams have been 
reliably obtained with over 0.3-ma intensity, 4-Mev energy, 
homogeneous in energy to about 1 part in 500. Stability is ob- 
tained by regulation of corona current from a continuous- 
beam signal obtained from the Mass-2 analyzer portal. 
Unusual mechanical and control flexibility has been incor- 
porated for ease in adapting the injector to the needs of the 
Cosmotron. Design features and performance characteristics 
of this Van de Graaff accelerator will be discussed 


13. Operation of the M.I.T. Rockefeller Electrostatic 
Generator. W. M. PRESTON AND CLARK GoopMAN, M.I.7.— 
This generator is housed in a vertical tank fifteen feet high, 
normally pressurized at 160 lb. The accelerating and differ- 
ential pumping tubes have 108 one-inch sections, each con- 
sisting of a glass ring and an aluminum electrode. The ion 
source is a 30-Mc/sec electrodeless discharge in a two-inch 
diameter glass bottle. The ion beam is focused beneath the 
generator on a slit system; it is then bent through 90 degrees 
by a magnet and refocused on a second or analyzing pair of 
slits. The magnetic field is stabilized by a tunable proton 
resonance device to one part in 20,000. The generator voltage 
is regulated by a varying corona load controlled by an error 
signal from the analyzing slits. As an example of resolu- 
tion, we have obtained a Li?(p, m) neutron yield ‘‘rise curve” 
at threshold of about 1 kev in 2 Mev, with a 5-microampere 
proton beam on the target. The limit thus far has been about 
4 Mev. Construction of the generator started with a Rocke- 
feller grant; it has been completed under the M.I.T. Neutron 
Shielding Group.* 


* Jointly supported by the ONR and the Bureau of Ships. 


I4. Effect of Ducts on the Attenuation of Neutrons and 
Gamma-Rays in the M.L.T. Cyclotron Shield. J. W. Craw- 
FORD, JR,* E, E. KINTNER,* AND CLARK GoopMAN, M.J.T.— 
Most shielding studies consider only attenuation of radiation 
by bulk materials. Nearly every shield must be perforated to 
some degree and leakage may constitute the major uncertainty 
in the shield design. The effects of 6-inch ducts in concrete 
have been investigated using the M.I.T. cyclotron as a source. 
Concrete blocks containing the ducts were located on the 
vertically movable section of the cyclotron shield which 
serves as a door. The major uncertainties are the energy 
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spectra and the distribution of the sources. The attenuations 
through the ducts of thermal, resonance, and fast neutrons 
were measured by In, Cd-In-Cd, and P foils. Gamma-rays 
were measured with a small G-M tube. Further work is in 
progress using tanks of water perforated by ducts of 4, 6, and 
8-inch diameter. This work was partially supported by ONR 
and BuShips. 


* Now at Code 390 BuShips. 


I5. Range-Energy Curve for Alpha-Particles in the Kodak 
NTB Emulsion.* O. Gaitar, Purdue University.—The range- 
energy curve for a-particles in the Kodak NTB plates, em- 
ulsion No. 434, 313-9, has been measured for energies between 
3 and 19 Mev. Th, Po, and U are used for energies less than 
9 Mev, and a-particles from the Purdue cyclotron, for energies 
greater than 7 Mev. The a-particles from the cyclotron are 
scattered through 90° by a 0.0001-in. gold foil, and impinge 
ona NTB plate. The energy of these particles is both measured 
and varied by a rotating Al foil holder, patterned after Kelly. 
The experimentally determined curve agrees very well with 
one calculated by integrating the Bethe stopping power 
equation, and is close to the range-energy curve in the Ilford 
BI emulsion. Apparatus for measuring the range of Po a-par- 
ticles used for calibrating the various batches of emulsions is 
also described. 


* % 9g by the ONR and an Eastman Kodak fellowship. 
. L. Kelly, Phys. Rev. 75, 1006 (1949). 


16. The Experimental Range-Energy Relation for Protons 
from 50 to 110 Mev.* N. BLOEMBERGENT AND P. J. VAN 
HEERDEN, Harvard University.—The energy distribution of the 
proton beam of the Harvard synchrocyclotron has been 
analyzed by putting photographic plates along a radius 
inside the tank a few inches below the plane in which the 
particles are accelerated. After having been scattered by a 
tungsten target, the protons are separated according to their 
energy and focused by the cyclotron magnet at approximately 
180° onto the plates. The width of the energy distribution is 
about 12 Mev. Both target and plates could be moved in 
radially to cover a wider range of energies. The use of Al, Cu, 
and Pb absorbers of varying thickness, put in front of the 
plates, allows the determination of many points of the range- 
energy curve with less than 0.5 percent error. Preliminary 
data fit the recently calculated curves' with this accuracy. 
Data on straggling will also be presented. 

* Assisted by the joint program of the ONR and AEC. 

t Society of Fellows. 


1 Aron, Hoffman, —, Aa: _ Range-Energy Curves (Second Revision 
1949), AECU-663, UCR 


17. A High Performance Beta-Ray Spectrometer.* A. A. 
BARTLETT AND K. T. BAINBRIDGE, Harvard University.—The 
construction and performance of an electron spectrometer of 
the Siegbahn and Svartholm! double-focusing type will be 
described wherein a cone of electrons is focused at v2 radians 
from the source. The principal departure from prior designs 
is that the return flux path in iron is at the circumference of 
the instrument, outside of the exciting coil located at the root 
of the working gap. The main advantages are (1) that all parts 
of the iron circuit are operated at low flux densities thus mini- 
mizing changes in focal properties often encountered from 
saturation of the “core”. (2) The coil can be shaped as was 
done in this case to eliminate the need for shims where the 
gap is greatest. The field can be used up to the largest radius 
permitted by the coil form. (3) The profile of the poles is 
calculable and only one machining job was necessary. The 
radius of the equilibrium orbit is 30.0 cm, the maximum 
acceptance angle for electrons is 0.8 percent of a sphere, and 
the detection is by a side window counter. Under these condi- 
tions, the resolution (full width at half-height) of the 2.62 
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Mev ThC”-D conversion electrons from a source 1-mm wide 
was 0.32 percent. 


* This work was supported by the ONR and AEC under ONR contract. 
1K. Siegbahn and N. Svartholm, Nature 157, 872 (1946). 


18. A Uniform Solenoidal Magnetic Field Beta-Ray 
Spectrometer. F. H. Scumipt, G. L. Kerster, D. I. MEYER, 
AND W. E. Gross, University of Washington.—A beta-ray 
spectrometer has been constructed which focuses the electrons 
on a ring slit which is concentric with the instrument axis. 
The existence of the ring focus was first shown by Witcher. 
Frankel pointed out the improved resolution at large emission 
angles. Persico and Du Mond! have discussed the theory. The 
water-cooled solenoid is 12} in. i.d. and 42 in. long. End correc- 
tion is provided by coils at the extremities of the solenoid. 
The field is uniform axially within 0.4 percent and azimuthally 
within 0.03 percent. The baffle system permits a central 
emission angle of 35°; the fraction of total solid angle trans- 
mitted is adjustable up to 5 percent. The ring focus slit is 
adjustable to obtain optimum resolution for the desired trans- 
mission. The entire baffle system is mounted on wheels and 
may be rolled out of the vacuum tank to facilitate access. 
The instrument has bten calibrated with ~2yc Thorium B 
source of negligible thickness deposited on a thin Nylon 
backing. A measured momentum resolution (full width at 
half-maximum) Ap/p of 0.95 percent has been obtained on the 
“F” and “J” internal conversion lines. The baffle was set for a 
transmission of 3 percent. The theoretical momentum resolu- 
tion for this baffle setting is 0.86 percent. This work is partially 
supported by the AEC. 

1J. W. M. Du Mond, Rev. Sci. Instr. 20, 160 (1949). 


I9. A Unique-Response Gamma-Ray Scintillation Spec- 
trometer. F. C. MAIENSCHEIN AND Joe Keacy Barr, NEPA 
Division, Fairchild Engine and Airplane Corporation.—Spectral 
measurements with continuous gamma-ray spectra would be 
greatly facilitated by using a spectrometer giving rise to a 
single peak for a monoenergetic gamma-ray. A single sodium- 
iodide crystal does not have this property. However, a 
Hofstadter type two-crystal spectrometer does give a single 
peak for each gamma-ray with an energy less than about 1.5 
Mev. Above this energy, annihilation quanta from pair produc- 
tion produce coincidences which give rise to additional peaks. 
Therefore, for measurements: above 1.5 Mev, the above in- 
strument was converted into a pair spectrometer by the addi- 
tion of a third crystal in coincidence with the first two. In this 
instrument, the electron pair is captured in the initial crystal, 
while the two annihilation quanta trip the two auxiliary 
crystals. High energy measurements were also made by con- 
necting the third crystal of the pair spectrometer in anticoin- 
cidence with the first two. Such an arrangement discriminates 
against pair coincidences. While the discrimination is not 
complete, this method may be useful as an aid in untangling 
complicated spectra. All measurements were made with both 
collimated and uncollimated sources. The resolutions obtained 
were around 10-15 percent full width at half-maximum, which 
is about the limit of the initial crystal. Sensitivities were 
obtained of the order of 2X 107* counts/sec per unit gamma- 
ray flux incident on the initial crystal. 


110. Some Phosphor-Plastic Systems as Scintillation 
Counters. W. S. Koski, The Johns Hopkins University.— 
The scintillation properties of anthracene and stilbene dis- 
solved in Lucite, Paraplex, and polystyrene have been in- 
vestigated using gamma-rays from Co.” The systems involving 
Lucite and Paraplex were poor »-ray counters, however, 2 
percent anthracene or stilbene in polystyrene gave results 
that were comparable to those of single crystals of anthracene 
or stilbene. The emission spectra of these solid solutions are 
essentially the same as those of pure stilbene or anthracene. 
There is, however, a slight shift in wavelength. The spectral 
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data suggests a mechanism for the energy transfer from the 
polystyrene to the phosphor and this will be discussed. 


Ill. Energy Response of Liquid Scintillation Counters. 
Geo. T. ReyNoips, F. B. Harrison AnD D. Hit, Princeton 
University.—Experiments have been performed to determine 
the dependence of pulse height per unit energy loss upon 
velocity of ionizing particle in fast scintillation solutions.’ By 
means of a differential discriminator the pulse height, cor- 
responding to an a-particle with a given energy loss in the 
solution, has been determined for various residual energies of 
a-particles. Included also was the pulse height corresponding 
to a-particles from Po dissolved in the scintillating solution. 
These pulse heights were compared with those corresponding 
to the Cs"? 625-kev electron. The extegt of the nonuniformity 
of energy response observed in these organic scintillators is 
indicated by the fact that an a-particle losing 5 Mev in the 
solution gives rise to a pulse that is only 0.8 that obtained 
from a 0.6-Mev electron. The observed velocity dependence 
will be discussed. 


1 Reynolds, Harrison, and Salvini, Phys. Rev. 78, 488 (1950); G. T. 
Reynolds, Nucleonics, May, 1950; F. B. Harrison and G. T. Reynolds, 
Phys. Rev. 79, 732 (1950); H. Kallman and M., Furst, Phys. Rev. 79, 857 
(1950). 


112. Measurements of the Timing of Cloud-Chamber 
Operation. Monroe F. RIcHMAN, Syracuse University.— 
A simple device has been designed permitting continuous 
registration of the pressure change during expansion of a 
cloud chamber. The displacement of a membrane is transferred 
onto the shaft of a RCA 5734 electromechanical transducer 
tube, whose amplified output, mixed with signals correspond- 
ing to triggering pulse, cleaning field switch, light flash etc. is 
traced on an oscilloscope. Some results of a systematic in- 
vestigation on the optimum operating conditions of a large 
square cloud chamber will be presented. 


113. A Theoretical Discussion of Diffusion Cloud Cham- 
bers.*R. P. Soutt, Brookhaven National Laboratory.—In his 
article on continuously sensitive cloud chambers, A. Langs- 
dorf! proved theoretically that by letting vapor diffuse from a 
hot to a cold surface the supersaturation necessary for drop 
formation on ions can be obtained. In order to enable one to 
predict the “ideal” temperature distribution necessary to 
maintain the proper supersaturation through a given depth 
of a chamber an attempt has been made to formulate theo- 
retically the condensation phenomena not considered by 
Langsdorf. Drop growth and the motion of the drops through 
the chamber have been taken into account. Because the 
temperature of a growing drop adjusts itself almost instan- 
taneously te its environment the problem can be treated as 
semi-stationary. By impressing the ideal temperature distri- 
bution for given conditions one would make the most eco- 
nomical use of the available vapor and thus one might be able 
to obtain track formation through a greater depth in a 
chamber. Ideal temperature distributions for different condi- 
tions are to be discussed and limiting gas pressures above 
which the operation of diffusion chambers may become im- 
practical will be given. 

* Work done at Brookhaven National Laboratory under the auspices of 


the ane. 
A. Langedorf, Rev. Sci. Instr. 10, 91 (1939). 


114. Operation of Diffusion Cloud Chambers at High 
Pressures.° D. H. Miter, E. C. Fow.er anp R. P. Sautrt, 
Brookh National Laboratory.—High pressure cloud cham- 
bers are well suited for the cial of nuclear interactions in 
gases. Since high pressure expansion chambers cannot be 
cycled frequently enough for efficient utilization of accelerators 
a continuously sensitive chamber for pressures up to 20 atmos- 
pheres has been constructed from a stainless steel cylinder. 
Methanol vapor has been used almost exclusively so far. With 
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air or argon at pressures above 3 atmospheres it becomes in- 
creasingly difficult to provide sufficiently large temperature 
gradients to obtain track formation through an acceptable 
depth of the chamber. With vapor diffusing downward in 
helium or hydrogen gases the chamber becomes stable only 
at pressures of several atmospheres, depending on the tempera- 
ture distribution, For example, with hydrogen at 15 atmos- 
pheres, with an average temperature gradient of 6°C per cm, 
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and with a bottom temperature of —60°C, the temperature of 
the evaporating liquid must be kept below 10°C. Under these 
conditions the track sensitive layer is only 1} in. deep. A 
small amount of argon (less than $ atmosphere) added to the 
hydrogen stabilizes the chamber sufficiently to permit raising 
the liquid temperature to 30°C, increasing the depth of the 
sensitive layer to 24 in. 


* Work done at Brookhaven National Laboratory under the auspices of 
the AEC. 


FRIDAY MORNING AT 10:30 
Pupin 428 
(S. C. Brown presiding) 


Discharge in Gases 


IAl. Decay Processes in the Krypton Afterglow.* JoHN 
M. Ricuarpsont, Harvard University.—Previously described 
techniques! for the investigation of atomic and molecular 
decay processes in pulsed discharge afterglows have been 
applied to samples of krypton which unavoidably contained 
traces estimated of the order 0,1 to 0.01 mole percent xenon. 
It is found that such quantities of xenon profoundly enter into 
the afterglow processes of recombination and radiation, the 
degree increasing with pressure in the range 6 to 25 mm Hg. 
The effect does not occur at low pressures where diffusion 
phenomena prevail. Nevertheless, it has been possible to 
conclude that both krypton and xenon have recombination 
coefficients of the same order as recently measured for other 
gases, and tentative values of 6107? cm?*/electron-sec and 
2X 10~-* cm*/electron-sec, respectively, are proposed. Correla- 
tion of the observed visible light intensity emitted in the 
immediate afterglow where krypton processes predominate 
(100 to 200 usec) with the rate of electron removal accounts 
for a major portion of the radiant energy released per recom- 
bination event as predicted from consideration of the atomic 
energy states. Therefore, a form of radiative recombination 
is indicated. 

* This work was assisted by ONR. 


+t AEC Predoctoral Fellow. 
1 Holt, Richardson, Howland, and McClure. Phys. Rev. 79, 239 (1950). 


IA2. Plasma Oscillations in a Static Magnetic Field.* 
E. P. Gross, M.I.T,—A theory of the small-amplitude oscilla- 
tions of an ionized gas in a static magnetic field is developed, 
including the effects of temperature motions. The Boltzmann 
equation is solved for this problem, and exact expressions are 
obtained for the distribution function and dispersion relation. 
A general feature of the dispersion relation is the existence of 
gaps in the spectrum at frequencies which are approximately 
multiples of w.=eH/mc. The magnitude of the gap depends 
on the temperature of the gas, being proportional to it for 
long wavelengths. This leads to the prediction of selective 
reflection of waves.impinging on a plasma with frequency in 
the forbidden range. For ck>>wy, w, the waves split into ap- 
proximately longitudinal plasma waves and transverse waves. 
Detailed analysis is made of the plasma waves for w- small and 
we large. At long wavelengths the frequency is w*™w,*+w2 
+fxTk*/m, where 8 depends on wy and we. For waves near the 
Debye length the waves are heavily damped. Two simpilfied 
treatments of plasma oscillations based on transport equations 
are compared with the above treatment. Expressions of the 
form w*™w,*+w2+8xTk*?/m are obtained where the factor 8 
is independent of w. and wy. In addition, the transport treat- 


ments fail to predict the heavy damping near the Debye 
length and the existence of gaps in the frequency spectrum. 


* Sponsored by the ONR, the Army Signal Corps, and the Air Force. 


IA3. Parallel Plate Spark Counters in Magnetic Fields. 
Frank L. HeREFoRD, University of Virginia.—An increase 
has been observed in the sparking potential of parallel plate 
counters operated in magnetic fields (up to 2500 gauss) 
applied in the direction of the discharge channel. Increases up 
to 200 volts were observed for 0.2-cm plate spacing in pressures 
of the order of one-half atmosphere. The phenomenon is 
apparently due to a focusing action decreasing the mean radius 
of the positive ion sheath remaining at the anode after collec- 
tion of the avalanche electrons. This results in an increased 
positive ion space charge field which in accordance with Meek’s 
criterion raises the sparking potential. Normally, the radius of 
this positive ion concentration is dependent only upon the 
random diffusion of the avalanche electrons in the lateral 
direction. Raether’s measurements! of this diffusion rate have 
confirmed the applicability of the well known Einstein dif- 
fusion theory in this regard. By the method of Ornstein and 
van Wijk? one can obtain a solution of the Einstein equation 
for the case of a superposed magnetic field. Results of this 
calculation will be compared with experimental sparking 
potential vs field strength curves. 


1H. Raether, Z. Physik 107, 91 (1937). 
2L. S. Ornstein and W. R. van Wijk, Physica 1, 235 (1930). 


IA4. Sharpness of the Sparking Potential in Various Gases.* 
G. A. KacHIcKAS AND L. H. FisHer, New York University.— 
Previous observations of the sharpness of the sparking poten- 
tial (s.p.) in air in uniform fields with a brass cathode! have 
been extended to Nz, A, and Oz. At any given time, the s.p. 
in air, A, and in slightly impure N: is sharp to at least a few 
volts (out of 10 to 30 kv). In pure N:2 the s.p. varies by about 
50v in 30 kv. Definition of the s.p. in O2 is difficult, since times 
as long as five minutes may be required before a spark passes. 
In pure Nz, enormous decreases in the s.p. (up to 23 percent) 
were obtained with a primary current of 200 electrons/usec. 
With this same primary current, the s.p. of slightly impure N2 
is lowered by about one percent, while the s.p. of A is not 
affected at all. Von Laue distribution plots for time lags of 
spark breakdown are presented. These plots show a statistical 
feature in the breakdown of O: (negative ion formation); 
there is no such element in the breakdown of air, Nz (im- 
pure), or A. 


7 Beppe by the ONR and the Research Corporation. 
L. H. Fisher and B. Bederson, Phys. Rev. 81, 109 (1951). 
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IAS. The Philips Gage Discharge. Tatsor CxusB,* 
University of North Carolina.—The Philips gage is differen- 
tiated from other similar cold cathode discharges requiring a 
magnetic field. Its operation at pressures above a micron is 
distinguished from low pressure operation by the presence of 
sufficient positive ion current to permit the formation of a 
cylindrical plasma at anode potential. The micron-pressure 
discharge with good secondary emitting cathodes takes place 
at a few hundred volts, produces ions of low energy spread, 
possesses a constant voltage vs current density and pressure 
curve and is probably characterized by its cathode electrons 
losing most of their energy by molecular collisions. The 
micron pressure discharge with poor secondary emitting 
cathodes takes place at much higher voltages, produces ions 
with a high energy spread, and is probably characterized by 
its cathode electrons failing to dissipate most of their energy 
in molecular collisions. The low pressure discharge with a ring 
anode possesses a crudely linear increase of current with 
with pressure at constant voltage, a big variation in current 
with cathode material, and a radial electric field. Philips 
gages can produce oscillation in the kilocycle, megacycle, and 
kilomegacycle regions. 


* Now at the Naval Research Laboratory. 
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IA6. Space Charge Detector for Alkali Halide Molecular 
Beams. R. BRAUNSTEIN AND J. W. TRISCHKA, Syracuse 
University.—A potassium chloride beam was directed against 
the coaxial tungsten filament of a space charge limited cylin- 
drical diode. The positive ions produced by surface ionization 
were trapped in the potential minimum surrounding the 
cathode causing relatively large increases in plate current. 
Amplifications (ratios of change in electron current to ion 
current) as high at 70,000 were obtained with a diode con- 
taining and plates at positive potentials, similar in structure 
to the ‘Kingdon Cage.” A diode without end plates was also 
employed yielding amplifications of the order of 10‘. The 
mechanism of space charge release which seems consistent 
with our data is that of neutralization of the positive ions at 
the cathode after several oscillations in the potential minimum. 
Curves were plotted of amplification as a function of plate 
voltage at various filament temperatures and beam intensities, 
in order to delineate the optimum sensitivity of such a 
detector. Amplification reaches a peak at about 10 percent of 
the electron saturation current; it increases slightly with 
increase in filament temperature. The detector is nonlinear, 
the amplification decreasing with increasing beam intensity. 
A theory of a simplified model of the space charge release will 
be discussed. 


Post-Deadline Papers, If Any 


FRIDAY AFTERNOON AT 2:00 
McMillin 
(C. C. LAuRITSEN presiding) 


Joint Ceremonial Session of the American Physical Society and the AAPT 


Retiring Presidential Address of the American Physical Society 


Jl. Molecular-Beam Researches in Nuclear and Electronic Physics. 1. 1. Rast, Columbia Uni- 
versity. 


(DUANE ROLLER presiding) 
J2. Presentation of the Oersted Medal of the AAPT to J. W. Hornbeck. 


Richtmyer Lecture of the AAPT 
J3. The Electron Theory of Solids. J. C. SLATER, M.I.T. 


FRIDAY AFTERNOON AT 3:10 
Pupin 301 
(W. E. Lams, Jr. presiding) 


Atomic and General Theory 


K1. A Simple Potential for Atomic Calculations, Epwarp 
H. Kerner, Wayne University.—The potential is of the form 
(Z—Br)/r(1+Ar) and approximates sufficiently well to the 
Hartree or Fermi-Thomas potentials for many purposes. The 
parameters A and B depend on Z and on the degree of ioniza- 
tion of the atom. Schrédinger and (with some extra complexi- 


ties) Dirac wave functions may be found as quickly converging 
series of hydrogenic functions or as power series in Ar/(1+Ar) 
or (1+Ar)~, and in other ways. Energy eigenvaiues « and 
expansion coefficients C; may be readily evaluated using the 
recurrence formulae for the C; which follow from the differ- 
ential equations; the roots of the determinant of the infinite 
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set of linear equations defined by these formulas give the e. 
They may be found with arbitrary accuracy using a simple 
numerical procedure which amounts to calculating successively 
the roots of finite determinants of increasingly large order. 
This appears to be considerably simpler in practice than the 
usual method of expanding the determinant as a continued 
fraction. For the Schrédinger equation, the eigenvalue prob- 
lem is nearly identical with that arising in the well known 
hydrogen molecule ion problem. The integrals of the WKB 
approximation may be found explicitly as elliptic integrals. 


K2. Configuration Interaction for the Ground State of He I.* 
L. C. Green, M. M. Mutper, Haverford College, C. W. 
UFrForD, E. SLAYMAKER, University of Pennsylvania, E. 
KRAWITZ AND R. T. MERtTz, Watson Scientific Computing 
Laboratory.—In order to estimate the number of configura- 
tions which must be taken into account to obtain a ground- 
state wave function of a given accuracy for He I, the Hylleraas 
six-term expression for this state has been expanded in series 
of orthogonal functions. To determine the degree of depend- 
ence of the coefficients on the specific function used for the 
ground state, the Hylleraas three-term expression has also 
been expanded. One set of orthogonal functions consisted of 
symmetrized product-type wave functions where the functions 
of the individual electrons were found from a Hartree self- 
consistent field without exchange.' As a second set of orthog- 
onal functions, variationally determined analytic wave func- 
tions were used.* The results of the calculation for the six- 
term expression and the self-consistent field functions give for 
the square of the coefficient of the 1s* configuration 0.9921, 
and for the 1s2s configuration 0.0013. These results indicated 
the need for considering a large number of configurations if an 
accurate wave function is desired. 

* This work was supported in part by the ONR and in part by a grant 
from the Research Corporation. 


1W. S. Wilson and R. B. Lindsay, Phys. Rev. 47, 681 (1935). 
2 Morse, Young, and Haurwitz, Phys. Rev. 48, 948 (1945). 


K3. Electron Affinity of Sodium. R. M. THALER* AND 
A. O. WituiaMs, JR., Brown University.—The self-consistent 
field calculation of the structure of Na~ neglects the polariza- 
tion effects of the added electron and yields a negative elec- 
tron affinity. A better wave function is #(1+cp), where @ is 
the Hartree wave function for Na~, p is the distance between 
the two 3s electrons, and c is a parameter to be evaluated by 
the Hylleraas technique. The lengthy integrals arising during 
calculation of the energy can be approximated by simpler 
forms and evaluated. Final results for Na~ are a positive 
electron affinity of 1.2 electron volt (stable ion) and an average 
angular separation between the 3s electrons of 157°. This 
decrease in energy relative to the Hartree result is mainly 
due to the increased separation and lowered interaction 
potential energy of the 3s electrons. Since the 4s electrons of 
K~ should show still stronger polarization, the electron affinity 
for potassium can be estimated to be about +0.7 electron volt. 


* Now at Yale University. 
1D, R. Hartree and W. Hartree, Proc. Camb. Phil. Soc. 34, 550 (1938). 


K4. Klein’s Theory and the Coupling of Angular Momenta 
in Molecules. J. H. Van VLECK, Harvard University.— 
Klein! has observed that when referred to axes mounted on 
the molecular framework, the components of a molecule’s 
total angular momentum satisfy the usual commutation rela- 
tions, but with an anomalous sign of 7. He has shown that 
from this fact the Wang secular equation for the asymmetrical 
top can be deduced very simply. However, neither he nor 
Casimir exploited the possibilities of this method for deducing 
the matrices, secular equations, etc., connected with the 
coupling of electronic orbital and of electronic or nuclear spin 
angular momenta to the molecular rotation (Hund’s cases 
a and 3, hfs, etc.). These angular momenta all obey commuta- 
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tion relations with the normal sign of ¢, Hence, they can be 
subtracted from the total angular momentum by using the 
ordinary formulas for the addition of angular momenta. As a 
result, the coupling problems associated with angular mo- 
mentum in molecules are, with appropriate allowances for 
differences in notation and interpretation, mathematically 
equivalent to well-known problems in atomic spectra. Details 
will probably be published in Reviews of Modern Physics. 


10. Klein, Z. Physik 58, 730 (1930); H. B. G. Casimir, “Rotation of a 
rigid body in quantum mechanics” (Dissertation, 1931). 


KS. The Fourth-Order Self-Energy of the Electron. 
Rospert M. FRANK,* Cornell University.—The self-energy of a 
free electron is calculated to order e*. The modification of 
quantum electrodynamics suggested by Feynman! is used to 
make the matrix elements finite. After mass renormalization, 
using the self-energy to order e*, there remain four Feynman 
diagrams whose matrix elements must be calculated. Two of 
these represent the two ways in which two virtual quanta may 
be emitted and absorbed by the electron, both quanta being 
present at the same time. The third diagram represents the 
emission of a virtual quantum which creates a virtual pair, 
the quantum produced by the pair annihilation being ab- 
sorbed by the electron. The last diagram corresponds to the 
emission and absorption of a virtual quantum accompanied 
by a mass renormalization. The matrix elements involve an 
integration over the momenta of all virtual quanta present in 
each diagram. These integrals are approximated by assuming 
that the Feynman cutoff, \, is large compared to the electron 
mass. It is found that the result depends upon (Ind), but it is 
not the square of the second-order self-energy. 


* Present address: Florida State University. 
1R. P. Feynman, Phys. Rev. 76, 769 (1949). 


K6. Some Results on the Quantum Theory of a Finite- 
Sized Electron. GEorGE YEvICcK, Stevens Institute of Tech- 
nology.—Using the Lagrangian formulation of quantum me- 
chanics developed by Feynman, we have been considering 
general types of interactions between the electron and the 
electromagnétic field which give the electron a finite structure. 
These interactions contain higher derivatives of the electron 
trajectory, e.g., the four-acceleration. We have encountered 
three basic problems. (1) What quantum mechanically corre- 
sponds to these higher derivatives? (2) How does one order 
quantum mechanically a product which classically contains a 
number of higher derivatives as factors? (3) How does one 
evaluate overlapping ‘‘slices’” in the Feynman perturbation 
procedure when one has a finite-sized electron? We have solved 
problems (1) and (2), but we have made little progress on (3). 
We can show that these overlapping or ‘‘contact”’ terms exist; 
but we cannot exhibit their explicit form, because of the ap- 
parent great labor needed to evaluate many slices in space- 
time. These contact terms are a significant new feature and 
mean physically that two or more photons can interact with 
the electron when the electron’s center is at a given point in 
space-time. Donald Yennie (private communication) has 
pointed out to us the connection between contact terms with 
gauge invariance. 


K7. Classical Electrodynamical Motion Including Radia- 
tive Reaction. Gi.peRt N. PLass, The Johns Hopkins Uni- 
versity, AND JOHN A. WHEELER, Princeton University.—An 
idealized description of radiative reaction—applicable to the 
quantum world when a correspondence principle description 
of the motion is legitimate—uses that classical relativistic 
equation of motion of a charged particle which has been de- 
rived in different ways by Dirac and by Wheeler and Feynman. 
In it appears the third derivative of the displacement. Conse- 
quently, the solution contains extra constants to be deter- 
mined so that the particle will not execute a runaway motion. 
Eliezer has proven that it is impossible to satisfy this condi- 
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tion in the case (1) of a particle moving directly towards an 
attractive Coulomb force. He also concluded that similar 
difficulties arise in (2) a repulsive Coulomb field and (3) in the 
field of a thin charged plate. We find on the contrary—accept- 
ing the notion of preacceleration—reasonable physical solu- 
tions for (2) and (3) and for the harmonic oscillator. We con- 
clude it is reasonable to expect physically acceptable solutions 
for all nonsingular potentials. The paradox of the divergence 
for (1) we find can be interpreted and resolved within the 
framework of the absorber theory of radiation, provided that 
the idealized absorber envisaged there is considered to con- 
tain only a finite number of charged particles. 


K8. Radiative Corrections to the Klein-Nishina Formula. 
L. M. Brown aAnp R. P. FEYNMAN,* Cornell University —The 
corrections to the differential cross section for the Compton 
effect arising from an additional virtual quantum are computed 
for unpolarized radiation using the methods developed by one 
of us.' A nonrelativistic approximation has been previously 
obtained.? The terms of the e*-order transition amplitude are 
evaluated. The interference of the fourth-order amplitude 
with the second-order amplitude is found, including explicit 
integrations over the intermediate momenta and averages 
over the spin of the electron and the polarizations of the 
photons. The resulting correction to the cross section contains 
an infrared catastrophe. To make a comparison with experi- 
ment possible, the cross section for the double Compton 
Effect (absorption of one photon followed by emission of two) 
is computed and integrated over the energy of one of the 
photons up to a value small compared to mc*. The sum of 
single and double Compton cross sections contains no di- 
vergence to order e*. The final general formula is complicated, 
so that some numerical results as well as approximate expres- 
sions valid under various limiting conditions will be given. 


* Now at Northwestern University and California Institute of Tech- 


nology, respectively. 
1R. P. Feynman, Ae 3 Rev. 76, 749 and 769 (1949). 
?R. Schafroth, Diss. E. T. H. Zurich (1949). 


K9. Covariant Diamagnetic Effects in the Vacuum.* 
T. A. WELTON, f University of Pennsyluania.—The elementary 
theory of holes yields an induced current density proportional 
to the inducing vector potential, for a slowly varying field. 
This result is commonly regarded as non-gauge-invariant and 
the effects of this induced current are systematically ignored 
by the use of some subtraction formalism. It will be shown 
that the usual result, following as it does from a gauge- 
invariant theory, does not in fact represent a failure of gauge 
invariance. It rather corresponds to the existence of a simple 
physical property of the vacuum of the positron theory, 
namely, the diamagnetic susceptibility of a system of free 
electrons in negative energy states. The expression for this 
susceptibility can be correctly calculated by the most ele- 
mentary classical argument. There seems then to be no basis 
for regarding the photon self-energy as less physical than the 
charge renormalization and Uehling terms in the vacuum 
susceptibility. The admission of the photon self-energy as a 
physically meaningful consequence of the hole theory then 
clearly necessitates the reformulation of the positron theory 
to avoid the appearance of the usual reactive polarization 
effects. 


* Supported in part by ON 
t Now at Oak Ridge Nations Laboratory, Oak Ridge, Tennessee. 


K10. Secondary Constraints in Covariant Field Theories.* 


James L. ANDERSON, PETER G. BERGMANN, AND ROBERT 
PENFIELD, Syracuse University.—It was shown previously! 
that in any covariant theory there exist a number of so-called 
constraints between the field variables and the momentum 
densities completely free of time-differentiated quantities. 
Just as in quantum electrodynamics, the Poisson brackets 
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(or commutators) between these “primary” constraints and 
the Hamiltonian must be set equal to zero if the canonical 
equations are to be satisfied. We call these resulting expres- 
sions “secondary constraints.” We have examined whether 
the repetition of this procedure leads to further constraints, 
with the result that it does not, but that the primary and 
secondary ‘constraints together with the Hamiltonian form a 
function group, i.e., that all further Poisson brackets are 
linear in these expressions and their spatial derivatives. The 
reason is that certain linear combinations of the primary and 
secondary constraints form the generators of the most general 
infinitesimal coordinate transformation in space-time, and 
these form, of course, a continuous group. From the point of 
the canonical theory, this group is the group of transforma- 
tions leaving a certain class of Hamiltonians invariant. 


* Supported by ONR. 
1 Peter G. Bergmann, Phys. Rev. 75, 680 (1949). 


K11. Conservation Laws in the Hamiltonian Formalism.* 
Josnua GOLDBERG, PETER G. BERGMANN, AND RALPH 
SCHILLER, Syracuse University.—With respect to infinitesimal 
coordinate transformations generated by a set of arbitrary 
functions #, we require that the Lagrangian density change 
by a complete divergence.' This condition leads to the Bianchi 
identities and hence to the strong conservation laws. If we 
remain entirely within the Hamiltonian structure, we must 
formulate the condition of covariance differently. However, 
if C belongs to a group of generating functionals that leave the 
Hamiltonian invariant modulo the primary constraints, then 
C is a constant of the motion. In particular, those generating 
functionals generating the infinitesimal coordinate transforma- 
tions belong to that group. We have shown that if such a 
generating functional is to exist, then four expressions must 
vanish; they correspond to the Bianchi identities. It is pos- 
sible to write these identities as total divergences. If the left- 
hand sides of the field equations satisfy the Bianchi identities, 
then the right-hand sides must satisfy them, too. We thus 
obtain total divergences involving the energy, momentum, 
and matter distribution densities, which must vanish. These 
relations are the strong conservation laws in terms of canonical 
variables. 


* Supported by ON 
1 Phys. Rev. 75, 680 Fi1949). 


K12. On Invariant Canonical Transformations.* PETER G. 
BERGMANN, Syracuse University—In the two preceding 
papers, it was shown that the invariance of the canonical 
formalism with respect to infinitesimal canonical transforma- 
tions corresponds to the covariance of the underlying Lagran- 
gian theory. In ordinary mechanics, an infinitesimal invariant 
transformation, defined as leaving the form of the Hamil- 
tonian unchanged throughout the phase space S, is generated 
by an integral of the motion. In the presence of constraints, 
only the subspace S; in which the primary constraints are 
satisfied corresponds to meaningful Lagrangian situations. 
The transformation group / that leaves the Hamiltonian un- 
changed in form in S; depends on four arbitrary functionals 
of the canonical coordinates and ¢; it is this group that corre- 
sponds to ordinary coordinate transformations. In the more 
restricted subspace S,, in which all constraints are satisfied, 
the invariant transformation group h depends on eight arbi- 
trary functionals. Because of the known transformation 
properties of the Lagrangian theory, the group / is better 
suited for an examination of the structure of the function 
group consisting of the constraints and H. But from the point 
of view of the canonical formalism, 4 appears more natural. 


* Supported by ONR. 


K13. Time-Reversibility of Quantum Electrodynamics 
and Commutation Relations. Satost WaTANABe.—The 
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author previously showed, in the framework of many-time 
theory, that the quantum electrodynamics reproduces the 
time-reversibility of classical electrodynamics, provided the 
current commutation relations are assumed for the electro- 
magnetic field.! The present paper is its generalization to the 
super-many-time theory, to show that the classical reversibility 
is guaranteed by the usual commutation relations of the elec- 
tron field and the electromagnetic field. The argument can be 
used in the inverse sense to conclude the ordinary commuta- 
tion relations as necessitated by the requirement of reversi- 
bility.* This report will contain: (a) definition of four kinds of 
tensors (or pseudo-tensors) and four kinds of spinors (or 
pseudo-spinors) as representations of the most general Lorentz 
group,? (b) introduction of eight component spinors, (c) 
time-reversibility of nonquantized fields in interaction, (d) 
time-reversibility of quantized fields in interaction, and (e) 
reversibility and commutation relations. 
S. Watanabe, Sci. Papers Inst. Phys. Chem. Research (Tokyo) 31, 109 
(1937). See especially page 116. 
*It is a pleasure of the author to note here that this inversion of the 
argument has been suggested by news brought to him by Mr. K. Case 
about = unpublished work of Mr. J. Schwinger. 


2S. Watanabe, Sci. Papers Inst. Phys. Chem. Research (Tokyo) 39, 
157 (1941). 


K14. Information, Measurement, and Quantum Mechanics. 
JEROME ROTHSTEIN, Signal Corps Engineering Laboratories.— 
Measurement consists in selection of a subset of the ensemble 
of a priori possible results consistent with the defining condi- 
tions, thus yielding information as defined in communica- 
tion theory.'! Isomorphic abstract formulations of theory of 
measurement and communication ensue, measurement and 
defining conditions corresponding to message and specification 
of stochastic nature of the message source. Quantum me- 
chanics predicts possible results of measurement and their 
corresponding probabilities of occurrence, with the outcome 
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of single measurements generally unpredictable. Wave func- 
tions contain the information obtainable about a system from 
operational specification of its preparation or measurement 
and describe ensembles consistent therewith rather than single 
systems. ‘Casual anomalies” (discontinuous changes in wave 
function) resulting from measurement merely indicate changed 
information. The Einstein-Podolsky-Rosen paradox shows 
different measurements can yield different information and 
thus different wave functions and representative ensembles, 
despite the individual system being physically unaffected by 
the choice made. The “‘real"”’ state of a system, being opera- 
tionally undefined, seems extraneous to quantum mechanics, 
just as the meaning of messages is irrelevant to communica- 
tion engineering; reality and meaning are problems of another 
level, possibly along with casuality. From the present view- 
point, quantum statistics deals with less than maximal 
information and includes quantum mechanics as its sharpest 
form rather than constituting a separate discipline. 


1C, E. Shannon, Bell System Tech. J. 27, 279, = oe: N. Wiener, 
Cybernetics (John Wiley and Sons, Inc., New York, 1950). 


K15. Dimensionless Formulation in the Irreducible Volume 
Character of Events. B. T. DARLING, Ohio State University.— 
The interaction of spin 4 material processes with the electro- 
magnetic field may be formulated in an entirely dimensionless 
manner depending only on two pure numbers, the fine struc- 
ture constant a, and 6(=1.61). The charge, mass, energy, 
potentials are all pure numbers. For the charge we have e= +1, 
while the masses are just the roots 30, 21, Zn, ++ of the mass 
quantization condition. The rest energy is just equal to the 
rest mass. For examp'e the rest mass of the hydrogen atom in 
the nth Bohr orbit is s0+2:3:—8/a*n*, The radius of the nth 
Bohr orbit would be a*n*/s. For the purpose of this discussion 
the Maxwell equations will be used in their usual form. 


FRIDAY AFTERNOON AT 3:10 
Schermerhorn 501 


(P. Kuscu presiding) 


Molecular Beams and Microwave Spectra 


Ll. An Atomic Beam of Helium Atoms in the Metastable 
ls 2s, *S, State. VERNON HUGHES AND GARDINER TUCKER, 
Columbia University —An atomic beam of helium atoms in the 
metastable 1s 2s, *S, state has been produced from a dis- 
charge tube source and detected by electron ejection from a 
cold tungsten wire.' The discharge tube had a directly heated 
cathode and was operated with dc power; the atoms were 
allowed to escape through a small slit in the discharge tube. 
The Stern-Gerlach deflection pattern to be expected for atoms 
with a magnetic moment of 2 Bohr magnetons was observed. 
Because of the large background of photo-electrons ejected 
from the detector by the photons from the discharge tube, 
(this background signal was about 100 times the signal due 
to the metastable atoms) it was necessary to observe the 
Stern-Gerlach deflection pattern as a difference curve between 
the conditions of deflecting field on and off. By the use of two 
inhomogeneous magnetic fields (A and B fields), the beam of 
metastable atoms was refocused around a wire stop which 
blocked photons from reaching the detector. An electron 
current due to the refocused beam of as high as 5.10- amp 
was obtained. 


’R. Dorrestein, Physica 9, 433 and 447 (1942). 


L2. New Measurements of the Deuteron Electric Quad- 
rupole Moment.* H. G. Koxsxy, T. E. Pipes, N. F. RAMSEy, 
AND H. B. SitsBE£, Harvard University—The molecular beam 
magnetic resonance method recently proposed by Ramsey! 
has been applied to Hz and Dz molecules. Measurements have 
been made both in high magnetic fields as with previous stud- 
ies and for the first time in weak fields of less than ten gauss. 
The latter measurements are particularly effective in increas- 
ing the precision of the results since the desired interactions 
are measured directly instead of superposed on a much larger 
interaction with an external magnetic field. Curves showing 
the observed radiofrequency spectra will be presented along 
with tables of the molecular interaction constants inferred 
from them. One of these interaction constants is for the quad- 
rupole moment of the deuteron. With the previous notation,* 
—qQ = (1.2936 +.006) x 10-* cm. With Newell’s* most recent 
value of g, the deuteron quadrupole moment Q is +(2.741 
+.016) X 10-*? cm?, which is one percent below that inferred 
by Newell® from the best previous data. 

* Work partially supported by joint program of ONR and AEC. 

1N. F. Ramsey, Phys. Rev. 78, 695 (1950). 


2 Kellogg, Rabi, Ramsey, and Zacharias, Phys. Rev. 57, 677 (1940). 
'G. FN Newell, Phys. Rev. 78, 711 (1950). 
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L3. The Spin-Orbit Spectrum in Molecular Beams. W. A. 
NIERENBERG, University of California, Berkeley.—If a nucleus 
of spin one-half is coupled to the molecular rotation, its molecu- 
lar beam spectrum can be predicted for all values of the mag- 
netic field from the Zeeman to the Paschen-Back region with 
one closed expression. This expression is valid for large values 
of rotational quantum number and small rotational g-factor 
and assumes a Boltzmann distribution of rotational states. 
The special case of spin one-half is simple because the sym- 
metry permits cosine coupling only and the energy levels are 
well known for this Hamiltonian. A kind of correspondence 
principle can be developed for this example which does two 
things. It shows that the other nucleus in a diatomic molecule 
has little effect on the spectrum of the first due to the coupling 
of the second nucleus to the rotation. Second, it permits the 
extension of the calculation to nuclei of spins greater than 
one-half when the coupling is predominantly cosine-like. 
Finally, the restriction to negligible rotational g-factor can be 
removed to give the approximate energy levels but the spec- 
trum is now more complicated due to the transitions AMy= +1, 
which are now observable. A simple picture showing the 
motion of the vectors can be constructed. 


L4. Pressure Broadening by Foreign Gases in the Micro- 
wave Spectrum of Ammonia. C. A. Potter, A. V. Busx- 
KOVITCH, AND A. G. Rouse, St. Louis University.—Half- 
widths of five pressure-broadened lines of the ammonia in- 
version spectrum were measured, as a function of total pres- 
sure. The perturbing gases were oxygen, helium and nitrous 
oxide in various mix ratios. The results appear to indicate that 
the collision cross sections decrease with increasing mix ratio 
of perturber to absorber. 


LS. Millimeter-Wave Spectra. S. J. TETENBAUM, Yale 
University.*—A source-modulated spectroscope has been built 
for study of the microwave absorption spectra of gases in the 
5 to 6 millimeter region. Millimeter wave power is obtained 
as the second harmonic generated by a silicon-tungsten crystal 
converter driven by a klystron oscillator. The modulation, 
detection, and display techniques are similar to those in wide 
use. Frequency measurements are made using a cavity wave 
meter. The apparatus has been tested with the known J =3-—>4 
rotational spectrum of OCS. The J = 1-+2 rotational spectrum 
of N,O has also been observed and the hyperfine structure of 
this spectrum is now under study. Other molecules are being 
investigated and results will be presented. 


* Assisted by the ONR, 


L6. Further Studies of the Microwave Absorption Spec- 
trum of Nitrosyl Chloride.* Joun D. RoGerRs anp DuDLEY 
Wituiams, The Ohio State’ University —The J=1 to J=2 
transition of NOCI has been studied in more detail than indi- 
cated in the earlier report on the subject.! Analysis of the 
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experimental data in terms of asymmetric top theory gives the 
following values for the rotational constants: for NOCI*, 
A =2.845 cm™, B=0.19141 cm™, C=0,17934 cm™; and for 
NOCI’, A =2.854 cm™, B=0.18682 cm™, and C=0.17534 
cm. Analysis of the hyperfine structure of different lines 
associated with the transition in terms of the theory of Knight 
and Feld yield consistent values for nuclear quadrupole inter- 
actions of the Cl** and Cl*? nuclei with the molecular fields. 
From the Stark patterns observed for NOCI*, it is possible to 
obtain a value forthe component of the dipole moment parallel 
to the axis of least moment of inertia. 

* This work was in connection with a contract between the Air Force 
Cambridge Research Laboratories and the Ohio State University Research 


Foundation. 
1 Pietenpol, Rogers, and Williams, Phys. Rev. 76, 690 (1949). 


L7. Radiofrequency Spectra of CsCl. R. G. Luce AnD 
J. W. Triscuxa, Syracuse University.—The radiofrequency 
spectra of cesium chloride were studied by means of the elec- 
tric resonance method 4? The four observed lines were identi- 
fied as J, my—>J, my’ transitions 2, 0-2, 1; 3, 0-3, 1 and/or 
4, 14, 2; 5, 1-+5, 2; and 4, 0-4, 1. The extremely complex 
fine structure presumed to be present in the observed lines was 
not resolved, so that no accurate determination of the nuclear 
quadrupole coupling constants was possible. However, from 
the line widths the absolute value of the quadrupole inter- 
actions, |egQ/h|, for Cl and Cs were each estimated to be less 
than 5 mc. The breadth of the lines made it possible to de- 
termine from our data the two molecular constants A, the 
moment of inertia, and y, the dipole moment, but a value of 
w@A =42.13X10-" cgs units was obtained. Using an inter- 
nuclear distance, r, of 3.06 10-* cm ascertained by electron 
diffraction,’ a value of 4 =9.8+0.4 debye was found. This gives 
an ionic character, u/er, of 67 percent where ¢ is the charge on 
the electron. 

1H. K. Hughes, Phys. Rev. 72, 614 (1947). 


2J. W. Trischka, Phys. Rev. 74, 718 (1948). 
* Maxwell, Hendricks, and Moseley, Phys. Rev. 52, 968 (1937). 


L8. Microwave Spectrum of CF,CCH. J. N. SHOOLERY AND 
R. G. SHutMan,* California Institute of Technology (Intro- 
duced by H. Q. Nortu).—The J=3-+4 and J=4-+5 transi- 
tions of the symmetric top molecule, 1, 1, 1, trifluoropropyne, 
have been investigated using a Stark-modulation type micro- 
wave spectrometer with a recording meter. From accurate 
frequency measurements of several isotopic species most of the 
structural parameters have been determined. Considerable 
splitting of the transitions, attributed to low lying excited 
vibrational states, has been observed. For the J = 3-4 transi- 
tion, of the most naturally abundant isotopic species, seven 
lines due to excited vibrational states have been found near 
the fundamental at 23,023.6 mc. The value of the dipole 
moment is being determined and will be presented. 


* Present address: Hughes Aircraft Company, Culver City, California. 
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Horace Mann 


(C. C. LAURITSEN presiding) 


Brookhaven Programme 


M1. The Brookhaven National Laboratory. L. J. Hawortu, Brookhaven, (30 min.) 
M2. The Brookhaven Reactor. L. B. Borst, Brookhaven. (30 min.) 

M3. Research in Physics at Brookhaven. T. H. Jounson, Brookhaven. (30 min.) 

M4. Recent Work on Nuclear Structure. Maurice GoLDHABER, Brookhaven. (30 min.) 
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FRIDAY AFTERNOON AT 3:10 
Havemeyer 309 
(R. LADENBURG presiding) 
Symposium of the Division of Fluid Dynamics 


MAI. Magnetohydrodynamics. Epwarp TELLER, Los Alamos Scientific Laboratory. (30 min.) 

MA2. Some Modern Problems in Classical Hydrodynamics. GARRETT BirkHoFF, Harvard Uni- 
versity. (30 min.) 

MA3. Recent Trends in Gas-Dynamics Research. Z. I. SLawsky, Naval Ordnance Laboratory. 
(30 min.) 

MA4. Modern Trends in Shock-Tube Research. G. N. Patterson, University of Toronto. (30 min.) 


Business Meeting of the Division of Fluid Dynamics 


FRIDAY AFTERNOON AT 3:10 
Pupin 428 
(J. H. VAN VLEcK presiding) 


Nuclear Theory; General Physics 





Nl. A Phenomenological Treatment of Photo-Meson 
Production from Deuterons. M. Lax, Syracuse University; 
H. Fesuspacu, M.I.T.; G. F. Coew, Universivy of Illinois; 
AnD H. W. Lewis, University of California, Berkeley —A 
calculation which depends neither on meson theory nor on the 
strength of meson-nucleon coupling is made of the production 
of single photo-mesons from deuterons relative to that from 
free nucleons. The approximations made include (1) neglect 
of neutron-neutron forces in the final state, (2) neglect of two 
particle effects such as exchange currents. Both of these are 
important near threshold where it may be expected that the 
neutron-neutron resonance will increase the cross section 
sharply. The meson spectrum at various angles for several 
photon energies has been obtained, as well as approximate 
values for the total cross section valid near threshold and for 
high energy photons. The cross sections obtained are smaller 
than that of a free nucleon partly because of the effects of 
binding and partly because of the exclusion principle. The 
former can be calculated while the second depends upon the 
probability of a spin change by the nucleon emitting the 
meson. The latter also determines the behavior of the total 
cross section near threshold, as well as the shape of the meson 
spectrum at the high energy end. 


N2. Photo-Meson Production from Deuterons. M. L. 
GOLDBERGER, University of Chicago, F. VILLARS AND H. FEsH- 
BACH, M.J.7.—Starting from pseudoscalar meson theory with 
pseudoscalar coupling, an effective nonrelativistic meson- 
nucleon-photon Hamiltonian correct to first order in nucleon 
momenta is developed. This Hamiltonian is then applied to the 
production of mesons from deuterium, the meson spectrum at 
various angles being obtained for a given photon energy. The 
effect of the nuclear interaction in the final state is included 
for the S state but not for states of higher angular moment, 
while the effect of two-nucleon terms in the Hamiltonian is 
neglected. By examination of magnitude of the cross section 
for positive meson production near threshold and hear the 
high energy end of the meson spectrum, relative to that for 
photo-production in hydrogen, the neutron-neutron inter- 
action may be studied. By comparing positive and negative 
production at other parts of the meson spectrum a test may 
be made of the applicability of the effective Hamiltonian to 
this process. The calculation of the positive to negative ratio 
is in progress. 


N3. Classical Theory of Neutral Photo-Meson Production. 
Keita A. BRUECKNER, Institute for Advanced Study (Intro- 
duced by J. R. OPPENHEIMER).—The observed approximate 
equality of the cross sections for production by photons of 
neutral and charged mesons is not easily understood on ele- 
mentary theoretical grounds. In fact, perturbation theory in 
the weak coupling limit predicts a much smaller cross section 
for neutral mesons than for charged mesons for all theories. 
Only for pseudoscalar theory with pseudoscalar coupling can 
comparable neutral and charged cross section be obtained by 
considering contributions of higher order in the meson- 
nucleon coupling constant. Because of the probable inappli- 
cability of a power series expansion for the pseudoscalar theory, 
however, these results can be believed only in an extremely 
qualitative way. The symmetrical theory for pseudoscalar 
mesons has been applied to this problem in a classical manner 
similar to that given by W. Pauli and used by K. M. Case and 
H. W. Lewis for a neutral theory. In this method, it is not 
necessary to assume that the meson-nucleon coupling is 
weak. However, the theory is somewhat unphysical in that 
nucleon recoil is neglected, and the meson field, spin, and 
isotopic spin are not quantized. The results obtained are in 
qualitative agreement with experiments on thejproduction of 
charged and neutral mesons if an unstable nucleon isobar with 
excitation of 300 to 400 Mev is assumed to exist. Implications 
of this result for other processes will be discussed. 


N4. Neutral Meson Production by y-Rays. Morton F. 
Kapton, University of Rochester —The cross sections for neu- 
tral meson production by y-rays on nucleons have been cal- 
culated to lowest order in the weak coupling approximation 
for scalar and pseudoscalar theories. For both cases the ratio 
of neutral to charged production is ~(u%/M)*. The calculation 
was repeated including the Pauli term representing interaction 
of the nucleon’s anomalous moment with the electromagnetic 
field. This addition makes a negligible contribution to the 
scalar but strongly increases the pseudoscalar cross section. 
(The anomalous moment in both cases contributes negligibly 
to the charged production.) At a photon energy of 250 Mev 
the total cross section for pseudoscalar r° production (exclud- 
ing the anomalous moment interaction) is 0.39 X 10~7(f?/hc) 
and is a factor of 10 greater if the anomalous moment is in- 
cluded. The excitation function for the latter case varies as 
the cube of the meson momentum near threshold; the angular 
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distribution in the laboratory system is roughly isotropic in 
the backward hemisphere and decreases strongly in the for- 
ward. Recent preliminary experiments st Berkeley indicate 
that the total cross section and excitation function are in fair 
agreement but give poor agreement with the angular distri- 
bution. This work was assisted by the AEC. 


N5. Generalization of Forbidden Beta-Decay. GEorGE L. 
TriGG,* Washington University—The work of Konopinski 
and Uhlenbeck,! Marshak,? and Greuling* on forbidden beta- 
decay has been generalized to the case of an arbitrary mixture 
of all five invariants in the interaction Hamiltonian. Inter- 
ference effects between the five terms appear in the general 
case. Some, but not all, of these disappear if the condition of 
symmetry between position and negaton emission, proposed 
by deGroot and Tolhoek,‘ is imposed. The effect of these terms 
on spectral shapes will be discussed. 

* AEC Predoctoral Fellow. 

1 E, J. Konopinski and G. E, Uhlenbeck, Phys. Rev. 60, 308 (1941). 

?R. E. Marshak, Phys. Rev. 61, 431 (1942). 


+E. Greuling, Phys. Rev. 61, 568 (1942). 
*S. R. deGroot and H. A. Tolhoek, Physica 16, 456 (1950). 


N6. Some Experimental Indications of the Stresses Pro- 
duced in a Body by an Exploding Charge. Joun S. RINEHART, 
U.S. Naval Ordnance Test Station.—When an explosive charge 
is detonated on the surface of a body, a large amount of energy 
is introduced into the body in the form of a high intensity 
compressional stress wave of short duration. The energy in 
this wave distributes itself within the body and eventually 
becomes dissipated. The absorbed energy appears, at least in 
part, in the form of observable inelastic deformations. In 
some cases, qualitative inferences regarding the probable 
nature of the stress distribution that must have existed in the 
body after detonation of the charge can be drawn from the 
final condition of the material. The effects produced by small 
cylindrical charges that were detonated on the surfaces of 
heavy steel plates are discussed. Particular attention is paid 
to (a) shapes of crater, (b) changes in hardness, (c) flow pat- 
terns, (d) fractures, and (e) changes in microstructure. The 
distribution of stress appears in some respects to correspond 
to that which might be set up by a static load. The mechan- 
isms of inelastic deformation, however, differ very greatly 
between the static case and the dynamic case. Dynamic 
loading produces numerous shock twins and fractures that 
undoubtedly occur because of the very high strain rates 
involved. 


N7. Development of Ultra Compact, Ultra High Speed 
Digital Computers. DonaLp H. Jacops AND MICHAEL May, 
The Jacobs Instrument Company.—The hitherto untouched 
field of all-electronic, all-parallel digital computers is being ex- 
plored systematically by The Jacobs Instrument Company. 
This paper covers research in this field accomplished between 
the spring of 1949 and the spring of 1950. The work culmi- 
nated in the completion of the first computer of this type, 
called JAINCOMP-A. It is small (11164194 in.), light 
(40 Ib), and simple (103 tubes). It is very reliable because of 
its simplicity and because no synchronizing or clocking pulses 
are required. This computer (a study model) has four binary 
digits plus a sign stage. It is fast, being able to take two 
numbers out of storage, add them together, and replace them 
in storage in 18 ysec. (Using newer techniques, it can be in- 
creased to 20 binary digits for the same size and weight, and 
have a much higher operating speed.) JAINCOMP-A can 
accept fixed inputs (punch cards) and variable inputs (from 
other machines or equipment). It can be used as a computer 
or can control other devices. Although this type of computer 
was originally intended for the special-purpose field, it has 
excellent potentialities for general purpose work. The com- 
puter adds, subtracts, multiplies, takes sines, cubes numbers, 
etc., and performs a computing program. Other computers 
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embodying major advances in speed, compactness, and sim- 
plicity over the techniques used in JAINCOMP-A are under 
construction. 


N8. Basic Theory of the 3-Color Cathode-Ray Tube. 
Jenny E. RosENTHAL, Monmouth Junior College.—A series 
of phosphor strips fluorescing with the 3 primary colors, red, 
green, and blue, are deposited on the face plate of a cathode- 
ray tube. To cause selective excitation of only one color at a 
time we use a deflection arrangement similar to that in an 
electrostatic cathode-ray tube. However, in this case the beam 
enters the deflecting field at an angle through a slit in one of 
the plates. Depending on the voltage between the plates it 
will strike different positions of the plate opposite the one 
through which it enters. Calculations show that under op- 
timum conditions sufficient resolution can be obtained in this 
manner to excite the phosphor strips individually. To insure 
sufficient resolution under standard conditions of operation 
one of the sets of strips is mounted on suitable supports inside 
the deflecting plate system. With this arrangement it is pos- 
sible to obtain a picture in one of the three primary colors 
by a change of the deflecting voltage alone. Like all electro- 
static tubes, this 3-color cathode-ray tube is particularly well 
adapted for low voltage operation. 


N9. Electrostatic Amplification Factor of a Triode with 
Mixed Geometry. H. S. THomas.—An expression for the 
electrostatic amplification factor, u, of a triode with cylindrical 
cathode and grid and plane parallel plates is obtained in terms 
of a » calculated from one of the classical formulas for plane 
parallel geometry and the variation with polar angle of the 
cathode charge density induced by the plate-cathode field. 
The potential function for a line charge between two parallel 
conducting planes is used to compute the approximate varia- 
tion of the normal component of plate-cathode field intensity, 
and hence of the surface charge density induced by this field, 
around the cathode. A simple analytical expression of good 
accuracy for a cathode diameter of one-half the plate separa- 
tion or less is obtained by expansion of functions in series to 
the second order. This expression is used to calculate the u 
of several typical tubes. The results are compared with the 
published data on these types, with which they are found to 
be in good agreement. : 


N10. Trajectories in an Axial Focusing Double Lens 
Spectrometer.* S.C. SNowpon, Bartol Research Foundation. 
The third-order zero angular momentum trajectories of an 
electron starting out in the central plane of a single focusing 
coil have been computed for a 1/1+-2* axial field shape. By 
suitably matching the above solutions with a set of similar 
solutions obtained by shifting the origin, it is possible to ob- 
tain the complete zero angular momentum trajectories corre- 
sponding to the double lens problem in which the axial field 
shape approximates rather closely one that is physically real- 
izable. Typical trajectories will be discussed. : 


* Assisted by the joint program of the ONR and AEC. 


N11. Mass Spectra of Deuteroacetylenes, Monodeutero- 
benzene, and Alpha-Monodeuteronapthalene. Frep L. 
MOHLER AND VERNON H. Dipever, Nation«! Bureau of Stend- 
ards.—Measurements of the mass spectra of C,D, and C,DH 
have been repeated with improved precis‘on and spectra of 
CsHsD and alpha-C;o9H;D are presented for the first time. 
In all these compounds it is possible to measure the isotopic 
purity accurately by measuring the molecule ions at a poten- 
tial below the appearance potential of the dissociated ions. 
This gives the basis for computing the spectra of the pure 
isotopic compounds. There is a marked difference in the 
probability of removing H as compared with D in the different 
compounds. For C;DH the a priori probabilities of removing 
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D and H are equal. However, C,D* is 64 percent of the mass 
25 peak of C,H: and C;H* is 33 percent of the C:H: peak. 
By contrast the CsH,D* peak of CgH;D is almost exactly 5/6 
of the CsH,* peak of CsHs which is the a priori probability of 
removing H rather than D. Similarly in C1oHzD the CioHeD* 
peak is 7/8 of the CioH7* peak of CioHs. The complete spectra 
of CsH;D and CioH;D can be computed satisfactorily from 
spectra of CsHs and CioHs on the assumption that probabili- 
ties of removing H and D are equal. 


N12. Electrical Currents Produced in the Atmosphere by 
Thunderstorms. R. E. Hotzer, University of California, Los 
Angeles AND Davin S. Saxon,* National Bureau of Standards. 
—Assuming that the electrical conductivity of the atmosphere 
increases exponentially with height, as indicated by balloon 
flight observations up to about 18 km,' calculations have been 
made of the electrical potential arising from charge distribu- 
tions of the order of those observed in thunderclouds. From 
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this potential the air-ground current density, the total current 
flowing upward to the ionosphere and the current generated in 
the thundercloud itself can be calculated. For a static charge 
distribution, the role of the conductivity is dominant in de- 
termining the potential except, of course, in the immediate 
neighborhood of the charges. On the other hand, for a time 
dependent charge distribution, with periods of the order of 
those actually observed, the conductivity is dominant only 
in the upper atmosphere. Indeed, below heights of perhaps 
10 km, the effect of the conductivity is negligible and the 
potential satisfies Poisson’s equation to a high degree of ac- 
curacy. A complete solution, valid everywhere, can be ex- 
pressed in terms of hypergeometric functions. Preliminary 
estimates of the calculated current flows indicate at least 
order of magnitude agreement with those actually observed. 
* Presumably on leave from University of California, Los Ange! 


1J. A. Fleming (editor) Terrestrial Magnelism and Electricity eeGraw- 
Hill Book Company, New York, 1939), p. 204 ff. 


FRIDAY EVENING AT 7:00 


Grand Ballroom, Hotel New Yorker 


usd. 


RABI AND DUANE ROLLER presiding) 


Banquet of the American Physical Society and the AAPT 


After-dinner speech by J. R. Oppenheimer 


SATURDAY MorNING AT 10:00 
McMillin 
(J. R. ZACHARIAS presiding) 


Invited Papers in Nuclear Physics 


Pl. Neutron Resonances and Cross Sections. James RAINWATER AND W. W. HAveEns, JR., 


Columbia University. (30 min.) 


P2. Positron Annihilation. MARTIN Deutscu, M.I.T. (30 min.) 
P3. Work on Nuclear Energy Levels at the California Institute of Technology. C. C. Lauritsen, 


California Institute of Technology. (30 min.) 


P4. Deep Nuclear Energy Levels in Medium-Light Nuclei. E. C. PoLtarp, 


(30 min.) 


Yale University. 


SATURDAY MOorRNING AT 10:00 
Pupin 301 
(C. H. Townes presiding) 


Microwave Spectra 


Ql. The Microwave Spectra of the Deutero-Ammonias.* 
M. T. WEIss AND M. W. P. STRANDBERG, M.J.T.—Measure- 
ments of the inversion-rotation spectra of the deutero-am- 
monias have been made in the 7000 Mc/sec to 80,000 Mc/sec 
region. Thirty-five lines of NH,2D and NHD; have been 


measured and identified by means of the Stark effect. As ex- 
pected, our results show that for these molecules only simul- 
taneous rotational and inversion transitions can be observed. 
Thus, corresponding to each J,;—>J,: transition two absorp- 
tion lines can be observed separated by either twice the rota- 
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tional energy separation or twice the inversion splitting of the 
levels involved. From our observations, the inverstion split- 
tings of the partially deuterated molecules can be calculated 
and are found to be in good agreement with the Dennison and 
Uhlenbeck! inversion doubling: theory. Thus the inversion 
splittings for the ammonia molecules are approximately as 
follows: 24,000 Mc/sec for NH3;; 12,000 Mc/sec for NH:D; 
5000 Mc/sec for NHD;; 2000 Mc/sec for ND3. Our results 
are also in agreement with the structural parameters of am- 
monia as given by Herzberg.? The sign of the nuclear quad- 
rupole coupling constant was also measured and found to be 
negative as expected. The centrifugal distortion for both 
rotation and inversion states has been experimentally de- 
termined. 


* This work has been ONR in part by the Signal Corps, the Air 


Materiel Command, and 
1D. mnison and G. E. Uhlenbeck, Phys. Rev. 41, 313 (1932). 


2G. Herzberg, Infrared and Raman Spectra (D. Van Nostrand Company, 
New York, 1945), p. 439. 


Q2. The Rotational Magnetic Moment of ‘2-Polyatomic 
Molecules.* J. R. EsHpach AND M. W. P. STRANDBERG, 
M.I.T.—An expression has been derived relating the rotational 
magnetic moment of a general ’Z-molecule to the rotational 
angular momenta. Previously+? expressions have been given 
for molecules with high degrees of symmetry. The present 
result, as well as the previous, depends on the assumption of a 
rigid nuclear framework with electrons moving in the nuclear 
potential. Our expression shows the dependence of the mag- 
netic moment matrix on molecular constants and the angular 
momenta referred to the principle inertial axes. Thus, the 
magnetic moment matrix may be written for any molecule 
for which the angular momentum matrices and direction 
cosine matrices are known. Zeeman measurements on the 
microwave spectrum on N!4H; substantiate the theory in this 
particular case. It is shown that rotational moment measure- 
ments serve to evaluate the complicated second-order para- 
magnetic term’ in the theory of susceptibility of such mole- 
cules, and thus the diamagnetic term, which is dependent only 
on the electronic ground state, becomes known from sus- 
ceptibility measurements.‘ 

* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and ONR. 

1G. C. Wick, Phys. Rev. 73, 51 (1948); Z. Physik 85, 25 (1933). 


2C. K. Jen, Technical Report No. 114 Cruft Laboratory, Harvard Uni- 
versity, August 22, 1950. 
3J. H. Van Vieck, Electric = Magnetic Susceptibilities (Oxford Univer 
sity Press, London, 1932), p. 275. 
4 For a similar evaluatiog in “ae case of diatomic molecules, see also N. F. 
Ramsey, Jr., Phys. Rev. 58, 226 (1940). 


Q3. Centrifugal Distortion in Asymmetric Molecules, 
HDS.* R. E. HitiGert AnD M. W. P. StRANDBERG, M.I.T.— 
Using the vibration-rotation matrix elements derived by H. H. 
Nielsen! for the general polyatomic molecule, a method is 
presented for determining centrifugal distortion correction 
factors of asymmetric molecules in terms of the general cen- 
trifugal distortion matrix elements and the rigid-rotor term 
values. The necessity of diagonalizing the entire energy matrix 
for each term value is effectively eliminated. Corrections are 
obtained specifically for Q branch “‘a” or ‘‘c’”’ type transitions; 
the extension to P or R branch transitions, while quite straight- 
forward, is considerably more difficult. The distortion de- 
pendence is determined explicitly as a function of the usual 
angular momentum quantum numbers up to J=5 and is 
then extrapolated to higher J terms, resulting in a single 
functional relation. Twelve rotational absorption lines of 
HDS*® were found in the microwave region, and these were 
fitted to the centrifugal distortion equation by the method of 
least squares. The fit is good, and the five distortion coeffi- 
cients obtained checked with values calculated from vibra- 
tional (infrared) data. Calculation of the inertia defect present 
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in planar molecules allowed the effective moments of inertia of 
HDS to be determined. 

* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, an 


Now associated with Snow and Schule, Lee Cambridge, Massachusetts. 
1H. H. Nielsen, Phys. Rev. 60, 794 (194 


Q4. Microwave Spectrum of Ketene.* H. R. Jounson, 
J. G. INGERSOLL, AND M. W. P. StRanpBERG, M.J.7.—The 
microwave absorption spectrum of the pentatomic molecule 
ketene has been investigated. R branch and Q branch transi- 
tions of H'C,"0"*, D*H'C;"0"* and DZC;"0"* in the ground 
vibrational state, R branch lines of H;'C,"*O"* in three excited 
vibrational states, and R branch lines of DZC;"O"* in two 
excited vibrational states have been measured. Major molecu- 
lar constants corrected for centrifugal distortion which explain 
the ground-state lines are 

(6+c) me 
18,821.67 40.05 


20,209.14 +0.05 
17,673.42 0.05 


(6—c) me 4 
472.422+0.005 0.002633 +0,00002 
377.41 +0.02 0.001386 +0.00002 
568.138+0.005 0.00426479 +0.0000000 


HiD9C 380" 


The lines in excited vibrational states will be discussed. 

The structure of ketene can be determined from these 
measurements. The accuracy of locating the carbon atom near 
the center of gravity is, however, poor. Tentative results, 
neglecting zero-point vibration, are ro(C—H)=1.19A, 
ro(C =C) +ro(C =O) =2.6240.01A, HCH = 106°+2°. 


* This work has been supported in part by the Si Cc 
Materiel Command, and ONR. gnal Corps, the Air 


Q5. Microwave Absorption Spectrum of Oxygen.* B. V. 
GOKHALE AND M. W. P. StRANDBERG, M.J.7.—Work on the 
absorption spectrum of oxygen in the 5 mm wavelength region 
is continuing in this Laboratory.’ Pressures in the range 0.5 
mm to 5 mm of mercury are used to study the line breath 
parameters of the individual lines. This information, together 
with the absorption frequencies,’ is useful to check the current 
theories of the absorption process and of pressure-broadening. 
Some effort is being made to study the effect of nitrogen con- 
tamination on line breadth as for example in air. Data are taken 
with a recording type slow-sweep spectroscope; the absorption 
is detected by means of a zero-based square-wave Zeeman 
modulation. This method yields a true picture of the line 
shapes directly when sufficiently large modulation is used. 
Special precautions have to be taken to obtain correct results 
since the line breadths are fairly large at the pressures used, 
and hence require a wide sweep. The line K_=11 has, for 
example, a total breadth (2Ay) of 20 Mc/sec at a pressure of 
5.7 mm of mercury.’ 


* This work has been supported in part by the Signal C \ 
Materiel Command, and ONR. ee 
previous work see Strandberg, Me and Ingersoll, 
75, gee a . ie 2 sopeeean 
2 First Wicrowave measurements reported from Duke U; si 
Smith, Burkhalter, Anderson, and Gordy, ya Rev. 79, 651 (1930) ches 
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4 This includes extraneous br ig due 
field effects. 
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Q6. Microwave Spectrum of CHD,Ci* and the Structure 
of Methyl Chloride.* S. L. Mitier,¢ J. Kraitcuman, B. P. 
DAILEY, AND C. H. Townes, Columbia University.—Molecular 
parameters for methyl chloride computed on the basis of 
various symmetric isotopic replacements have varied greatly. 
The uncertainty has been largest in the hydrogen parameters. 
In an attempt to redetermine these parameters more ac- 
curately, the J = 1-+2 transition for K =0 and K =1 has been 
observed in CHD,CI**, The frequency of transition 1——>2_, is 
45,789 mc; of 1_:-+2_1, 46,099.4 mc; of 14:->29, 46,407 mc. 
CHD.Cl is a slightly asymmetric top. The two large principal 
moments of inertia Jz and J¢ are almost equal. Line 1,2, 
is at frequency 3B+C and line 1¢->2_, at frequency 3C+B. 
The separation between these lines 2(B —C) = 617.90 me gives 
a very sensitive indication of the position of the hydrogen 
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atoms in the molecule. On the basis of the above data and 
previously observed isotopic shifts in the J=0-+1 transition, 
the following parameters have been determined: 

C-Cl 1.781A 

C-—H 1.098A 
H-—C-—H 110°23’. 


* Work supported jointly by the Signal Corps and ONR. 
+ AEC Predoctoral Fellow. 


Bond ‘distance 
Bond distance 
Bond angle 


Q7. Microwave Spectrum and Structure of ReO;Cl.* 
E. AmsBLet AnD A. L. ScHawLow, Columbia University.— 
Rhenium trioxy-chloride has been prepared and some lines in 
its microwave spectrum have been observed. It is found to be 
a symmetric rotor. The lines have a half-width of about 60 
megacycles because of unresolved vibrational and hyperfine 
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structure, and because of the presence of the two rhenium 
isotopes. For ReO,;Cl**, B=2.0933+0.0005 kilomegacycles; 
for ReO;Cl*?7, B=2.0242+0.0005 kilomegacycles. If tetra- 
hedral bond angles are assumed, i.e. <0 ReO= <0 Re Cl, 
then the Re—Cl distance is 2.23A, and the Re—O distance is 
1.69A. These rhenium bond distances are closed to those 
formed, in similar compounds, by the neighboring elements 
Os and W. The transitions observed were J = 2-+3, 4—+5, and 
5—>6. Higher frequency transitions are being studied in order 
to measure the separation caused by the rhenium and so to 
completely determine the structure of the molecule. Work has 
begun on ReOF,, which should have a simpler hyperfine 
structure characteristic of the rhenium nuclei. 


* Work supported by the Signal Corps and AEC, 
t On leave from Oslo University. 


SATURDAY MORNING AT 10:00 
Schermerhorn 501 
(H. A. Boorse presiding) 


Cryogenics 


Ril. Eddy Currents Become Supercurrents in Supercon- 
ductors. P. B. ALERs, J. W. MCWuHrrTER, AND C. F. Squire, 
The Rice Institute-—A solid sphere of pure metallic tin has 
been mounted for rotation at speeds from zero to ten revolu- 
tions per second. The sphere was placed in a uniform magnetic 
field of about 10-5 Webers/meter* and it was placed in a bath 
of liquid helium at 4.2°K. At this temperature the tin has a 
high conductivity of about 4X 10" mho/meter so that a rota- 
tion of 2.5 revolutions/sec produces eddy currents which 
remove the external magnetic flux passing through the solid 
tin. Speeds greater than 2.5 revolutions/sec produce almost 
no greater eddy current and smaller speeds produce smaller 
eddy currents. The sphere was allowed to rotate at 2.5 
revolutions/sec and then cooled to 3.0°K which is below its 
superconducting transition temperature. The eddy currents 
then became supercurrents or what has been called “Meissner 
Currents." We assert this because the magnetic field distribu- 
tion around the sphere remained unchanged during the cooling 
below the transition and remained unchanged when we stopped 
the rotation. We have produced a complete “Meissner Effect”’ 
in a large cylinder of pure tantalum by rotating and then 
slowly cooling below the transition temperature. We have 
compared the classical theory of magnetic field distribution 
due to eddy currents with the London Theory of magnetic 
field distribution due to supercurrents. 


R2. Magnetic Properties of a Superconducting Hollow 
Lead Sphere. Jutius BaBiskin, Naval Research Laboratory.— 
Measurements have been made to determine the equatorial 
magnetic field distribution inside and outside a hollow super- 
conducting lead sphere (99.996 percent pure). Bismuth probes 
were used to measure the magnetic field strengths. These 
experiments, all performed at 4.2°K, have shown that the 
sphere is a perfect magnetic shield for applied fields Ha << 3H. 
(where H,=critical field). In the intermediate state (}H.<Ha 
<H.), for constant Ha, the internal field increased with time, 
while the external field decreased with time. On decreasing 
Ha, from >H, to zero, the internal field decreased with time, 
while the external field increased with time. At Ha=0, a 
large internal and a smaller reversed external ‘‘frozen-in” 
field was observed. It was found that reapplying fields <100 
gauss did not change the internal “frozen-in” field. The 
“frozen-in” fields can be destroyed by reversing Ha to — 3H. 
and then reducing Ha to zero. Thus, the original conditions 


of the experiment are restored. Complete internal and external 
hysteresis loops were observed and will be discussed in detail. 


R3. Resistance Minima in Metals.* H. E. RorscHacu, JR., 
AND MELVIN A. Herin, M.J.7.—Work by Serin, Dunning- 
ton, and Garfunkel! on the low temperature resistance of 
magnesium indicated a minimum above 4.2°K. A mutual 
inductance method of measuring resistivity has been em- 
ployed to extend these measurements. A sample of mag- 
nesium has been found to have a definite resistance minimum 
at approximately 15° with a definite rise in resistance down to 
1°K. A bulk sample of gold investigated by this method also 
showed a definite rise in resistivity below 4.2°K. Some measure- 
ments on beryllium showed no minimum. 


* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and ONR. 
1 Garfunkel, Dunnington, and Serin, Phys. Rev. 79, 1 (1950). 


R4. Electrical and Thermal Conductivities of Pure Alumi- 
num at Very Low Temperatures. R. T. Wesper, F. A. 
ANDREWS, AND D. A. Spour, Naval Research Laboratory.— 
Measurements have been made of the electrical and thermal 
conductivities of three specimens of highly pure aluminum 
(99.995+ percent) at temperatures from 2 to 21°K. The 
thermal conductivities satisfied the relation of the free electron 
theory,| w=1/K=1/(AT)+BT?, where w=thermal resis- 
tance, K = thermal conductivity. The constants A and B, the 
residual electrical resistivities, po, and the Lorenz ratios at 
4.2°K, L4», for the three specimens were: 

All ALI 
A fm cm~! °K-? 7.04 6.06 


ALIII 
4.05 
2.72 
5.51 
2.23 
The measured values of the constant B yield! an effective 
number of 0.041 electron per atom. The electrical resistances 
failed to obey the Matthiessen Rule and the temperature- 
dependent part of the electrical resistance increased much 
less rapidly than 7%. As predicted by theory,! the Lorenz 
ratios at liquid hydrogen temperatures were appreciably lower 
than the values at 4.2°K shown in the table above. 


1R. E. B. Makinson, Proc. Camb. Phil. Soc. 34, 474 (1938). 


Bicm watt~ a. 1} X108 2.70 2.72 
po lohm-cm] X10 3.04 3.79 


é 2[volt? cm? x 2] X108 2.14 2.30 


R5. Magnetic Dipole Interactions in Crystals Near Abso- 
lute Zero.* M. Prince AND MELvIN A. HERLIN, M.I.T.— 
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Various authors! have made calculations on the magnetic 
dipole energy in crystals at low temperatures and have been 
able to predict magnetization curves. All of these calculations 
include approximations or are valid only under special condi- 
tions. Thus the predicted magnetization curves have different 
shapes according to the different theories. In order to evaluate 
these theories, we have carried out an extensive set of measure- 
ments of magnetization curves. These will be presented and 
conclusions as to the values of the theories will be discussed. 


* This work has been aes in part by the Signal Corps, the Air 
a ad Command, eS 
320 (1937); i = (1938); age 


g— Phys. 5. 
‘emperley, Proc Roy. Soc. 176, 203 (1940); J. 


Luttinger An i Tisza, Phys. Rev. 70. 954 (1946). 





R6. Ther lectromotive Force of Superconducting Versus 
Normal Junctions of the Same Metal. M. C. STEELE, Naval 
Research Laboratory.—Measurements of the theri.oelectro- 
motive force of superconducting versus normal junctions of the 
same metal have now been made on lead, tin, indium, thallium, 
and mercury. The previously proposed relation’ 


E=E,[1-—(T/T.)*] 


has been found to fit the data for each of the above-mentioned 
elements. E is the thermoelectromotive force, T is the tempera- 
ture of the junction (T<T7-.) and T, is the normal transition 
temperature. Current data are summarized below. 

T&K 


Element (Eo, volts) X10* 


Lead 
Mercury 
Tin 
Indium 
Thallium 


'M. C. Steele, Phys. Rev. 78, 308 


(1950). 
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R7. Barium Titanate at Low Temperatures. RoLanp W. 
Scumitt, Rice Institute-—We have investigated the dielectric 
properties of barium titanate ceramic down to liquid helium 
temperatures by examining the hysteresis loops of the sub- 
stance. The ferroelectric property persists down to these tem- 
peratures but the loops become much smaller in size in a 
manner which suggests a “freezing-in’’ of the domains as has 
been noted by Hulm.' The relatively high temperature de- 
pendence of the total permittivity of the substance in the 
liquid helium region suggests that there is the possibility of a 
measureable electrocaloric effect at these temperatures. 
Assuming that the processes which occur are reversible and 
taking a crudely extrapolated value of the specific heat, we 
find that a simple thermodynamic argument indicates a 
temperature drop of the order of 0.1°K should occur at 4°K 
upon adiabatic application of a field of 20,000 volts/cm. We 
have attempted to observe temperature changes of this sort 
using a carbon resistance thermometer and no effects even 
near this order of magnitude have been observed. It seems that 
irreversible processes may have to be taken into account. 


1J. K. Hulm, Proc. Phys. Soc. A63, 1184 (1950). 


R8. Pressure Variation of Second Sound Velocity in He- 
lium II.* R. D. MAURER AND MELvin A. HER.In, M.I.T.— 
The velocity of second sound as a function of pressure and 
temperature has been measured to 0.95°K at pressures to 25 
atmos by means of a pulse method. The minimum in velocity 
goes to lower temperature with increase of pressure. The 
quantitative dependence of the rise in velocity upon pressure 
indicates that this rise is a phonon effect. 


* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and ONR. 


SATURDAY MORNING AT 9:45 


Horace Mann 


(W. SHOCKLEY presiding) 


Semiconductors; Photo-Conductivity; Lattice Defects 


Si. Efficiency of Alpha-Bombardment Conductivity in 
Germanium. KennetH G. McKay, Bell Telephone Labora- 
tories.—Rectifying barriers in germanium have been use to 
detect alpha-particles."? A relevant factor is the efficiency 
of production by bombardment of electron-hole pairs in the 
germanium proper. The measurement must exclude current 
multiplication in the barrier as in point contact barriers. 
Polonium alphas bombarded the edge of an n—p barrier in a 
single-crystal germanium rod.’ Essentially all the energy was 
dissipated in the barrier itself. Suitable precautions ensured 
that all the charge of electrons and holes produced in the 
germanium was measured. A charge of 9.5X10* electrons 
was measured per incident alpha, corresponding to an average 
energy loss of 5.60.3 electron volts per electron-hole pair. 
Theory‘ and photoelectric measurements’ demonstrate no 
current multiplication inherent in a plane »—p junction. 
Therefore, the measured efficiency is characteristic of the 
germanium lattice. 

1J. G. McKay, Phys. Rev. 76, 1537 (1949). 

? Orman, Fan, sme BE Lark-Horowitz, Phys. Rev. 78, 646 (1950). 

5G. K. Teal and J. B » Little, Phys. Rev. 78, 647 (1950). 


— Shockley, Bell System Tech. J. 28, 435 (1949). 
F. S. Goucher (to be published). 


$2. Intrinsic Conduction in Germanium. W. C. DuNLapP, 
Jr. General Electric Research Laboratory.—An experimental 
study has been made of the transition of the conduction 


properties of germanium from the impurity range to the 
intrinsic range. Among the properties studied were the varia- 
tion of Hail coefficient and resistivity with magnetic field and 
the change of these characteristics with temperature, the 
variation of mobility figure (10*R/p) with temperature, for a 
number of single crystals, both N- and P-type. For high re- 
sistivity P-type material a large variation of Hall coefficient 
with magnetic field has been found. This leads to a reversal 
of Hall coefficient with increasing magnetic field at tempera- 
tures close to the transition point. Above the transition point, 
the Hall effect increases in magnitude with increasing magnetic 
field. This effect has been explained qualitatively in terms of 
the change of mobility of holes relative to that of electrons in a 
magnetic field. For P-type samples, the variation of mobility 
figure with temperature was accounted for accurately by the 
free electron theory of mixed conduction by electrons and 
holes, assuming a mobility ratio u./us=1.50. The magneto- 
resistance of the P-type samples was greater than that of 
N-type samples in the impurity range; the magneto-resistance 
of all samples was the same in the intrinsic region. 


S3. Measurement of Semiconductor Impurity Content. 
C. N. Kiaur, Westinghouse.—It is possible to determine the 
total impurity concentration in a semiconductor (donor centers 
plus acceptor centers) by electrical measurements alone. Thus 
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one may distinguish samples of semiconductor with the same 
resistivity but different mobilities as having different impurity 
content. This is based on a general theoretical treatment of the 
effect of the nonadditivity of lattice scattering, ionized im- 
purity scattering, and non-ionized impurity scattering on the 
resistivity and Hall coefficients of semiconductors with both 
electron and hole carriers. Formulas for various electrical 
properties of semiconductors are derived which are generaliza- 
tions of the usual ones. On the basis of these results it is possi- 
ble to devise several practical experimental methods to 
measure total impurity concentration by measuring the 
resistivity and Hall coefficient of semiconductor samples at 
high and low temperatures. It is expected that such measure- 
ments may facilitate experimental work and the technology 
of semiconductors. 


S4. Mobility of Electrons in High Electric Fields. E. J. 
Ryper, Bell Telephone Laboratories, (Introduced by W. 
SHOCKLEY).—The mobility of electrons in n-type germanium 
has been measured as a function of electric field for gradients 
as high as 210* volts/cm. Precautions were taken to mini- 
mize both heating and hole modulation. Pulse measurements 
were made with single-crystal samples of germanium cut into 
the form of tiny, smooth filaments with relatively massive 
terminations. The voltage pulses used were of short duration 
(~10- sec) and low repetition rate. It has been determined 
that Ohm's law is obeyed at room temperature only up to a 
field of about 6 X 10? volts/cm, beyond which there is a gradual 
departure approaching constant current density. At a tem- 
perature of — 180°C a similar departure takes place at a field 
of about 2 x 10* volts/cm. The ohmic range is one of constant 
mobility, whereas the constant current region is one of in- 
versely varying mobility and constant drift velocity of the 
order of 10? cm/sec. 


S5. Mobility of Electrons in High Electric Fields: Theory. 
W. SHockey, Bell Telephone Laboratories—An electron of 
mass m and speed »; moving in a crystal at temperature T 
loses energy to the acoustical modes at a rate 


Pa=(4me*v,/1)[(v*/207*) — 1], 


provided v>c, c being the speed of longitudinal acoustical 
waves, / the mean free path, and v7?=2k7T/m. The term in 
v;*/2vr* agrees with Seitz.! Electrons in germanium with 
energies a few times kT should lose energy chiefly to acoustical 
modes. A crude mobility theory for high fields is made by 
equating power loss to power gain Pg=eyE*, where E is the 
field and yu the effective mobility. Assuming exp(—mv*/2kT,) 
electron distribution, then P4=8mc%,(T.—T)/TIl(x)§ and 
u=vrur/t., where v2=2kT./m and pr=4le/mv7r3(x)'; for 
fields higher than 2c/yr these give a drift velocity wE = (32/3)? 
(curE)*. Assuming a delta-function distribution gives a 20 
percent smaller velocity. 
1 Equation (11) F. Seitz, Phys. Rev. 76, 1376 (1949). 


S6. Contact Barrier Breakdown Studies in Germanium.* 
Rapa Bray, Purdue University—High resistance barriers 
are found in germanium at (a) contacts to metals, (b) grain 
boundaries in high resistivity N-type material, and (c) in- 
ternal P—N boundaries. At high dc voltage, barrier break- 
down in the high resistance direction is characterized by a 
peak voltage followed by a negative dynamic resistance region. 
Benzer' and Taylor,? by resorting to millisecond voltage 
pulses, in cases (a) and (b), respectively, showed the negative 
resistance to be due to heating. In the present experiments, 2 
to 10 microsecond pulses were utilized to reduce heating effects 
further and also reduce carrier injection from the electrodes. 
The high voltage characteristic becomes more precisely meas- 
ureable. The voltage peak is eliminated: for cases (a) and (b) 
the high barrier resistance decreases greatly—at what may be 
called the breakdown voltage—to a low dynamic resistance 
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which closely corresponds to the bulk sample resistance. For 
case (c), a single sample was tested and found to have, even 
at 1000 volts, a dynamic resistance much greater than the 
bulk resistance and only slightly lower than the peak resis- 
tance value at low voltage. 

* Work supported by the Signal Corps. 


1S. Benzer, J. Appl. Phys. 20, 804 (1949). 
2W. E. Taylor and H. Y. Fan, Phys, Rev. 78, 335 (1950). 


S7. Light Emission from SiC. C. Accarpo, E. JAMGo- 
CHIAN, AND K. LEHovec, Signal Corps Engineering Labora- 
tories.—Light emitted from silicon carbide N—P type bound- 
aries when current passes in the forward direction was in- 
vestigated using a photo-multiplier. The emission spectrum 
extends from 4500-6500 angstroms at room temperature and 
is found to be nearly independent of current from 0.1 milli- 
ampere to 50 milliamperes. The light intensity increases ap- 
proximately proportionally to current (efficiency about 3 X 10~* 
quanta per electron at room temperature). The light is con- 
sidered as arising from recombination of the injected carriers. 


S8. Accelerated Recovery of Selenium Rectifiers after 
Voltage Pulses by Illumination. K. LEHovec, Signal Corps 
Engineering Laboratories.—A voltage pulse when applied to a 
selenium rectifier in the blocking direction leaves the rectifier 
in a perturbed state. The perturbance is measured by the 
deviation of the capacity from the equilibrium value. The 
rate of recovery can be accelerated by illumination through a 
transparent electrode. The acceleration of the recovery de- 
pends in the same manner on the light intensity and the wave- 
length as does the photo-current in selenium photo-voltaic 
cells. The observations are explained as follows: The voltage 
pulse in the blocking direction pulls out electrons from ele- 
vated energy states in the selenium or the selenium surface. 
The accelerated recovery is due to subsequent filling of these 
states by photo-electrons. It can be derived from the experi- 
ments on the basis of this concept that the number of electrons 
pulled out from the elevated energy states by the voltage 
pulses used must be less than 10" per cm?. 


1K. Lehovec, Phys. Rev. 78, 348 (1950). 


S9. Photo-Conductivity in Sintered Zinc Oxide.* P. H. 
Mitter, D. M. WARSCHAUER, AND T. T. REBOUL, University 
of Pennsylvania.—Experiments on the spectral response of the 
photo-conductivity of sintered zinc oxide at different tempera- 
tures when shuttered light was used gave a response linear in 
voltage and light intensity. The photo-currents were small 
in comparison with the dark currents. Assuming a value of the 
mobility of 100 cm?/volt-sec for single crystals to apply to a 
sintered specimen and a cross section of 10~' cm? for the cap- 
ture process (similar to F-centers), then at the peak of the 
response 10‘ electrons are freed per incident quantum and the 
electron remains free about 10~7 sec. If Hahn’s! grain boundary 
model is used, the above values should be multiplied by 
(W/L)* and (W/L)~, respectively, where W is the thickness of 
the boundary layer and L the edge of the better-conducting 
cube. High frequency resistance measurements indicate that 
W/L cannot be less than 10 and the corrected decay time 
10-5 sec. An analysis of the shape of the shuttered response 
indicates a free time of 10 to 10-* sec. Thus, the grain 
boundary model gives a somewhat better but a still incom- 
plete picture. The spectral intensity distribution of the visible 
phosphorescence excited by x-rays has features in common 
with the photo-condutcivity response, however, the decay 
times are considerably shorter than 107 sec 


* This work supported in part by the U. S. Navy. 
1 Hahn, Russell, and Miller, Phys. Rev. 75, 1631. (1949). 


$10. Optical Absorption and Photo-Conductivity in Amor- 
phous and Hexagonal Selenium.* M. ALTEN GILLEo, M.I.T.— 
In amorphous selenium films at room temperature the op- 
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tical absorption coefficient a is about 210* cm™ at 6900A 
and rises steadily to a maximum of about 510° cm™ at 
2600A. Photo-conductivity sets in at about 5600A where a 
has attained ~10* cm. With decreasing temperature the 
absorption edge and the threshold of photo-conductivity shift 
toward shorter wavelengths. The temperature dependence of 
a for wavelengths ca 6800A can be related to the thermal ex- 
citation of vibrational levels in the chain molecules composing 
the film. When the amorphous selenium is transformed into 
the hexagonal (“metallic”) modification, @ increases in the 
5000 to 7200A region. In a film of 0.5-micron thickness photo- 
conductivity is now observed at wavelengths as long as 7500A 
and reaches a maximum for an optical density of about one at 
6500A. With decreasing temperature the region of maximum 
response and the absorption edge move together toward 
shorter wavelengths. This behavior can be explained by a 
bimolecular law of recombination of charge carriers, if their 
non-uniform concentration is taken into account. 


* Sponsored by the ONR, the Army Signal Corps, and the Air Force. 


S11. Transient Photoelectric Currents Produced by Inter- 
mittent Illumination of Cadmium Sulfide. J. C. M. BRrEn- 
TANO AND E, M. Nakaji, Northwestern University.—Pulsating 
illumination of a cadmium sulfide block to which an electric 
field is applied produces a periodic variation of the photo- 
electric current.! Using 60-cycle pulsating illumination in the 
visible range we observe during the first few seconds of il- 
lumination a gradual decrease of the photo-current variation 
to a steady value about 1/10 of the initial value, the time 
rate of decrease depending on intensity and wavelength band. 
We further observe that on removing the external field and 
connecting the electrodes over a high resistance pulsacing 
illumination produces a photo-current variation in opposite 
direction to that observed with the field. This decays with a 
time constant of a few seconds depending on the intensity of 


illumination. Only illumination with wavelength 5100A or 
shorter effectively produces this relaxation current. These 
two transient phenomena can be interpreted on the ground of 
a model which foresees a positive hole space charge and filling 
of the holes via the conduction level. 


1 See R. Frerichs, Phys. Rev. 72, 594 (1947); and J. Appl. Phys. 21, 312 
(1950), also for further references. 


$12. The Influence of Dislocations on the Easing of 
Optical Selection Rules. FREDERICK SeEITz, University of 
Illinois —Under ideal conditions in a perfect solid, the total 
wave number vector of electrons and light quanta is conserved 
when electrons are excited by light, provided the reduced 
wave number scheme is employed. One may expect this rule 
to be violated when the crystal contains imperfections. Ex- 
cluding lattice vibrations, the two most interesting types of 
imperfection are those, such as impurity atoms, which pro- 
duce a distortion only over a region of the order of atomic 
dimensions, and dislocations, which produce distortion over a 
comparatively large region. The influence of both kinds of 
imperfection on the selection rules for optical transitions are 
considered. Fourier integrals involving the strain field of 
dislocations that were evaluated by J. S. Koehler are employed 
in this analysis. It is concluded that a Taylor dislocation and a 
line of impurity atoms of the same length have comparable 
influence on the breakdown of selection rules for cases in 
which W, the change in total wave number vector during the 
transition, lies near the boundary of the first Brillouin zone. 
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On the other hand, the dislocation permits many more transi- 
tions in which W lies near the center of the zone. The ratio 
of the transition probability for a line of misfit atoms and for 
the dislocation, which is equivalent to an extra plane of atoms, 
is of the order of (Wa)*, where a is the lattice constant. This 
fact is discussed in relation to the silver halides. 


$13. Lattice Defects in Silver Bromide. Cuester R. 
BERRY, Eastman Kodak Company.—Measurements have been 
made of the lattice parameter of silver bromide at room tem- 
perature and in the range from about 350 to 420 degrees C. 
The results are compared with the values obtained on the 
basis of two contrary assumptions: first, that the lattice ex- 
pansion is identical with the external expansion measured by 
Strelkow ;! and, second, that some of the external increase in 
volume is caused by formation of vacancies, the resultant 
parameter being that estimated by Lawson.? Within experi- 
mental error, the measured curve agrees with the first assump- 
tion, which is equivalent to the assumption that no Schottky 
defects have formed. Since it is known from ionic conductivity 
measurements that there are about 2 percent of defects at 
temperatures near 420 degrees C, it is concluded that these are 
Frenkel defects. However, the magnitude of the errors in- 
volved in the measurements is such that the existence of a 
small number (about 10 percent of the total) of Schottky 
defects cannot be entirely precluded. 


1P. G. Strelkow, Physik. Sowjetunion 12, 73 (1937). 
2A. W. Lawson, Phys. Rev. 78, 185 (1950). 


S14. Electric Field Surrounding a Dislocation. Ror W. 
LANDAUER, Lewis Laboratory, NACA.—An edge-type disloca- 
tion is surrounded by a strain distribution which gives a com- 
pressed lattice on one side of the slip plane and an expanded 
lattice on the other side. The width of the filled portion of the 
conduction band therefore varies in the vicinity of the dis- 
location. To maintain the electrons in equilibrium, the Fermi 
level must everywhere be at the same energy, while the bottom 
of the conduction band must vary. This gives an effective 
potential in which the electrons move. The potential is just 
that of a line dipole located along the dislocation axis. The 
scattering due to this potential has been used to calculate an 
increase in the resistance of isotropically cold worked copper of 
Ap/p=3 X10" N for N dislocations per cm*. This is about 200 
times larger than the scattering produced by the potential, 
which takes into account only the displacement of screened 
ions from their normal positions. 


S15. Dissociation Energies of Cd*+*+ Vacancy Complex and 
Double-Vacancy in NaCl.* Joun R. Reitz anp J. L. GAMMEL, 
Los Alamos Scientific Laboratory—Dissociation energies for 
two types of lattice imperfection (namely, the impurity-ion 
vacancy complex and the double-vacancy) have been de- 
termined theoretically for NaCl, using the semiclassical model 
of ionic crystals developed by Born and Mayer. The procedure 
followed in calculating these energies was based on the method 
developed by Mott and Littleton' for computing the forma- 
tion energies of single vacancies. The numerical result ob- 
tained for the complex, 0.44 ev, is in fair agreement with the 
value of about 0.3 ev found experimentally by Etzel and 
Maurer.? The dissociation energy of the double-vacancy was 
calculated to be 0.89 ev. 

* Work done under the auspices of the AEC. 


1 N. F. Mott and M. J. Littleton, Trans. Faraday Soc. 34, 485 (1938). 
7H. W. Etzel and R. J. Maurer, J. Chem. Phys. 18, 1003 (1950). 
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(GERTRUDE SCHARFF-GOLDHABER presiding) 


Beta- and Alpha-Emitters 


T1. Source Decharging in Low Energy Beta-Spectroscopy. 
LEoNARD Gross,* Princeton University.—Source charging of 
thin organic backing films is a serious source of spectrum 
distortion in low energy beta-spectroscopy. In this paper the 
relative merit of several methods of source decharging will be 
discussed. A few results are stated here. A metallic layer of a 
heavy stable metal (like gold) provides a suitable conducting 
backing for investigating spectra in the region above about 
90 kv. For lower energies, active metallic backings like beryl- 
lium are satisfactory, provided the film is not exposed to the 
atmosphere for more than a few hours; most often this is 
inconvenient. Filament decharging (heating a tungsten wire 
placed behind the backing film so that the film draws current 
from the filament as it charges) has many advantages. Since 
the emission characteristics of the filament (without flashing 
or aging, which are undesirable in the presence of the thin 
film) are not sufficiently stable, the most feasible procedure is 
to run the filament at several tens of microamperes emission 
current for about five seconds immediately preceding each 
determination of a point on the spectrum. This method is ap- 
plicable to positron emitters as well as electron emitters. 


* Now at Research and Development Laboratories, Hughes Aircraft 
Company, Culver City, California. 


T2. The Nuclide P**, L. YarrE AND F. Brown, National 
Research Council, Canada.—The nuclide P* has been prepared 
by the reaction P®(n, y)P®. The P® was extensively purified 
and finally precipitated as ferric phosphate, yielding 150 
mC P®, Inactive phosphorus P® was treated in an identical 
manner using the same reagents and techniques. The samples 
were irradiated separately in the rapid action rabbit of the 
NRX heavy water pile, and then counted using the propor- 
tional counter technique described by Yaffe and Stevens.! 
The irradiated P® sample showed an activity not present in 
the irradiated P® sample. Successive irradiations showed that 
the absolute amounts of this activity formed decreased as 
expected from the half-life of P®. Competing reactions are 
ruled out. A half-life of 22+5 seconds is proposed for P®. 


iL, Yaffe and W. H. Stevens. Can, J. Research (to be published). 


T3. Sixty-Day Isomer of Columbium 91.* J. OvapIa AND 
P. AXEL, University of Illinois—A sample of zirconium en- 
riched in the isotope of mass 90 was obtained from Carbide 
and Carbon Chemicals Division, Oak Ridge National Labora- 
tory, and bombarded with 10-Mev deuterons in the cyclotron 
of the Washington University of St. Louis. Investigation of the 
columbium activity with a double thin lens beta-ray spec- 
trometer showed the K and L peaks of a 104.5+0.1-Kev 
gamma-ray, with Nx/N,_=2.1+40.1. No other soft radiation 
was seen. Therefore this is the ‘150’’-Kev gamma-ray re- 
ported earlier. The gamma-ray was observed in a Nal 
crystal and a comparison of the intensities of the x-ray and 
gamma-ray lead to a conversion coefficient of the order of 50. 
Critical absorption of the x-ray using an argon-filled propor- 
tional counter showed an intense columbium x-ray, together 
with a much weaker zirconium x-ray. The zirconium x-ray 
results from the decay of the columbium 91 ground state to 
zirconium by K-capture with a long half-life. These data 
clearly establish that the 60-day half-life is due to an isomeric 
transition and not to K-capture. 


* Supported in part by the joint program of the ONR and the AEC, 
1G. T. Seaborg and I. Perlman, Revs. Modern Phys. 20, 585 (1948). 


T4. The Beta-Spectrum of Tc”. C.S. Wu anv L. FELDMAN, 
Columbia University —Tc™®, a product of uranium fission, 
has an unusually long half-life of 10°—10* years. Its compara- 
tive half-life, f7~10" sec, leads to an empirical classification 
of second forbidden. Tc** (1.7 wc/mg) was recently procured 
from the Isotope Division of the AEC, and its 8-spectrum was 
investigated with the solenoidal spectrometer. Several sources 
were prepared with varying thicknesses from about 0.1 to 0.4 
mg/cm? on thin film backings of ~0.020 mg/cm?. Although a 
detergent or insulin was used in all cases, the uniformity of 
the sources is not as good as desired. Repeated chemical purifi- 
cation and electroplating were both used to ensure purity. 
The uncorrected Kurie plot is markedly different from a 
linear allowed shape but is continuously curved concave 
towards the energy axis. When the Kurie plot is corrected by 
the unique correction factor for a AZJ=3(no) transition, 
D.,=1/30(p'+10/3p*¢?+-¢"), it yields a curve with consider- 
able curvature. Therefore, the D: factor can be excluded. 
However, a=1/12(p?+g"), the unique correction factor for 
a AIl=2(yes) transition, does give a straight line from the 
upper energy end down to about 120 kev. The extrapolated 
end point thus obtained is Wo=293+5 kev. The correction 
factor @ occurs also in the second forbidden transitions Cer 
and Czy for AJ=2(no). A theoretical interpretation with the 
predictions of the nuclear shell structure model will be pre- 
sented. This work is supported in part by the AEC. 


TS. Gamma-Rays in the Decay of Rh‘* and Pr“. D. E. 
ALBURGER, E. DER MATEOSIAN, M. GOLDHABER, AND S. 
Katcorr,* Brookhaven National Laboratory—Among long 
lived fission products, 1 y Ru’ and 275 d Ce’ have been 
found to produce photo-neutrons in Be and D. The photo- 
neutrons are produced by gamma-rays emitted with intensi- 
ties of the order of 2 percent per 8-ray in the decay of the 
daughters, 30-sec Rh’ and 17-m Pr, In Rh’ a 2.9-Mev 
gamma-ray was found with a scintillation spectrometer. The 
whole gamma-ray spectrum has been investigated in detail 
with a lens spectrometer and found to consist of lines with 
energies of 0.511, 0.621, 0.87, 1.045, 1.55, and 2.9 Mev. The 
first two are strong and of nearly equal intensity and agree 
with internal conversion lines found by R. D. Hill. No cross- 
over gamma-ray of 511+621 kev is observed. It is probable 
that more than one pair of cascade gamma-rays is present, 
and this may play a role in the analysis of the angular correla- 
tion known to exist in Rh’, The gamma-ray spectrum of Pr™ 
has at least three components, 2.185+0.015, 0.700 Mev, and a 
line of less than 150 kev. The first of these was measured by a 
direct comparison with the 2.2-Mev line from radium. The 
weak photo-neutror yield from Ce'*+D is probably caused 
by a higher energy gamma-ray of low intensity. 

* Under contract with the AEC. 


T6. Memory in Angular Correlation of the y-Rays Emitted 
from Excited States of Cd’. D. M. Roperts AnD R. M. 
STEFFEN,* Purdue University —Cd"™ has a metastable state of 
247-kev excitation energy which decays with a half-life of 0.08 
microsecond to the ground state of spin }. This transition is 
preceded by a y-ray of 173-kev quantum energy. We measured 
the angular correlation between the 173-kev and the 247-kev 
y-rays emitted in the decay of In to Cd" using a coincidence 
amplifier with a resolving time of 0.12 microsecond. The 
measured points follow within experimental error the angular 
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correlation function f(@)=1—R/Qcos*@ with R/Q=—0.06 
+0.02. Measurements repeated with the same resolving time 
but with a 0.13 microsecond delay showed the same result, 
indicating that the spin orientation of the intermediate 0.08 
microsecond state does not change appreciably before the 
emission of the 247-kev y-ray. The measured correlation func- 
tion is characteristic for a dipole and a quadrupole transition 
between levels of angular momenta 5/2, 3/2, and 1/2. The 
conversion of the 173-kev and the 247-kev y-rays indicates a 
magnetic dipole and an electric quadrupole transitior, re- 
spectively. 
* Supported in part by the AEC. 


T7. Isomerism of In", E. BLEuLER, J. W. BLUE, AND 
A. C. JoHnson,* Purdue University.—The (a, 3m) reactions 
with Ag!®.1°7 Jead to activities of 66-min and ~5-hr half-life.! 
The former is assigned to In"®, the latter to In*®*. On the other 
hand, the reaction Cd! (d, 2m) In '8 results.in an activity? of 
~55 min. The discrepancy has been removed by showing 
that the longer period belongs to an isomer of In"®. The ground 
state (66 min) decays by positron emission (2.25 Mev) to an 
excited state of Cd"!° at 654 kev. The decay of the conversion 
line emitted from this level was followed in a double coil lens- 
type spectrometer and found to follow periods of 66 min and 
4.9 hr. The latter must be assigned to an isomer. It decays 
chiefly by electron capture to a highly excited state of Cd". 
In addition to the 654-kev y-ray, conversion lines due to 
transitions of 937 and 887 in Cd", known to be in cascade 
from the decay of Ag"®, are found. The isomeric transition to 
the ground state (119 kev) is very weak and seems to belong 
to the /=4 class. A tentative decay scheme will be given. 

* Supported by the ONR and 


AEC. 
1S. N, Ghoshal, Phys. Rev. 73, 417 (1948). 
*E. C. Mallary and N. L. Pool, Phys. Rev. 76, 1454 (1949). 


T8. Beta-Gamma Angular Correlation in the Decay of 
Sb'*, I, and ['%*, Donatp T. Stevenson,* M.J.T7.— 
Ridgeway,! and Beyster and Wiedenbeck* have measured an 
integral beta-gamma correlation in Sb", We have measured 
the energy dependence of this correlation using a lens spectro- 
meter.* The correlation near the end point is —0.41 and de- 
creases slightly in absolute value until electrons from the 1.69- 
Mev spectrum‘ begin to contribute to the coincidence rate. 
At 1.0 Mev the correlation is —0.15. Possible interpretations 
will be discussed. We found no gamma-rays in coincidence 
with the 2.20-Mev positron spectrum in I in contradiction 
with the decay scheme of Mitchell, e¢ a/.§ Preliminary results 
indicate that coincidences involving the 1.50-Mev positrons 
are isotropic. A correlation of about +0.13 was found for 
460-kev beta-rays in the decay of I'*. 


® Took was supported in part by the joint program of the ONR and 
1S. L. Ridgeway, Phys. Rev. 78, 821 (1950). 


the 


2J. R. Beyster and M. L. Wiedenbeck, Phys. Rev. 79, 169 (1950). 

4 The Sb! was obtained from Oak Ridge 

«Langer, Moffat, and Price, Phys. Rev. ‘79, 808 (1956). 

+ Mitchell, Mei, Maienschein, and Peacock, Phys. Rev. 76, 1450 (1949). 


T9. Beta-Gamma Angular Correlations in Sb'**. I. SHak- 
Nov, Columbia University.—An investigation of the total and 
differential angular correlation coefficients in Sb'” has been 
performed in this laboratory. Both beta- and gamma-detectors 
were anthracene crystal counters with 5819 photo-multipliers. 
The pulses were amplified with a wide band amplifier, then 
shaped by shorted delay lines and fed to a fast coincidence 
circuit. Using a T-junction, the pulses from the beta-counter 
were branched to a differential pulse height analyzer. The 
output of this analyzer was used to gate the fast coincidence 
output, thus accepting only coincidences in which the beta- 
particle energy fell in the proper energy interval. The sources 
were placed under vacuum in a Lucite chamber. The apparatus 
was checked for performance by measuring total correlation 
coefficients in the following substances: gamma-gamma cor- 


333 


relations in Co and Rh!*, beta-gamma correlations in Au', 
Na®, Sb. In all cases results agreed with previous work of 
other investigators. A thin source of Sb'* was prepared by 
vacuum evaporation onto a thin Formvar film. The total cor- 
relation coefficient, assuming W(@) =1+R/Q cos’, was found 
to be R/Q=+0.067+0.01, while the coefficient, accepting 
beta-particles of a narrow energy interval in the high-energy 
region was R/Q=+0.157+0.02. This work was supported 
in part by the AEC. 


T10. The Twice-Forbidden Transition of Cs'*’ and the 
Law of Beta-Decay.* L. M. LANGER AND R. J. D. Morrart, 
Indiana University —The shape of the beta-spectrum of the 
direct 1.17-Mev low intensity transition between the gz. 
ground state of Cs? and the ds ground level of Ba™’ has 
been determined in detail. The measurements were made in the 
40-cm radius of curvature magnetic spectrometer with strong 
(>4.mC) high specific activity sources. Special precautions 
were taken to preclude any possible instrumental distortions 
of the momentum distribution. The conventional Fermi plot 
of the data is convex towards the energy axis. Attempts have 
been made to fit the data with a forbidden factor appropriate 
to a transition involving a change of 2 units of angular momen- 
tum and no parity change. Whereas the axial vector and tensor 
forms of the theory predict the same spectrum shape for the 
recently observed once forbidden, AJ =2, and twice forbidden, 
Al =3, transitions, they yield different forbidden factors for 
the twice forbidden, AJ =2, transition of Cs". It appears that 
the axial vector and also the combination scalar-axial vector- 
pseudoscalar forms of interaction are not capable of explaining 
the data for any possible values of the adjustable parameters. 
On the other hand, the tensor form of the theory can be made 
to give good agreement with the experimental spectrum. 


* Assisted by a grant from the Frederick Gardner Cott el Fund of the 
Research Corporation and by the joint program of ONR and AEC. 


Tll. The Disintegration of Au™. L. G. ELtiorr anp 
J. L. Woirson, Chalk River Laboratory.—The radiations from 
Au!*$ have been studied in a magnetic spectrometer at energies 
above 0.30 Mev with a line width at half maximum of 0.5 
percent in electron momentum. The main beta-spectrum ends 
at 0.957+0.003 Mev. A component with an intensity 10~‘ of 
the main spectrum and a maximum energy of 1.37+0.05 Mev 
corresponds to a beta-transition direct to the ground state of 
Hg'**. There are two y-rays at energies of 0.6757+0.0015 Mev 
and 1.0870+0.0020 Mev, having quantum intensities relative 
to the strong 0.4112 Mev y-ray of (4.8+1.0)X10- and 
(1.340.2)X 107%, respectively. The measured values of the 
y-ray internal conversion coefficients are consistent with the 
theoretical values of electric quadrupole for the 0.4112- and 
1.087-Mev y-rays and magnetic dipole for the 0.6757-Mev 
y-ray. Since also Hg'®* is an even-even nucleus, it follows that 
the spins of the ground-state, 0.4112-Mev and 1.087-Mev 
levels are 0, 2, 2, respectively. 


T12. Investigation of the Shape of Beta-Spectra at the 
Low-Energy End.* R. R. Epwarps, P. E. Damon, AnD H. M. 
Scuowartz, University of Arkansas.—Reliable investigation 
of the low kev region of beta-spectra has only recently become 
possible, through the use of gaseous sources in proportional 
counters. Aside from Coulomb effects, the problem of the 
disposition of the excess atomic binding energy released in 
negative beta-decay is of interest, particularly at high Z and 
low maximum beta-energy. According to Hebb,' this energy 
should be carried away by the beta-particle, in which case one 
would expect the beta-spectrum to have a cut-off at the low 
energy end, corresponding to this excess energy. The perturba- 
tion method employed by Feinberg,? however, implies a 
sharing of the energy between beta-particle and neutrino. Our 
investigation of the beta-spectrum of Pb*® (RaD) as gaseous 
tetramethyl lead by proportional counter spectrometry indi- 
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cates a definite deficiency (compared to a normal Fermi dis- 
tribution) of particles below 15 kev, and a most probable 
energy greater than half the previously reported maximum of 
the spectrum (25-29 kev). Investigation of this and other 
suitable nuclides is continuing. 


* Supported in part by the U. S. on 
1 +a H. Hebb, Physica 5, 701 (19. 
. L, Feinberg, J. Phys. (U.S.S. x ¥ 4, 424 (1941). 


T13. Investigation of the Complex §-Spectrum by the 
Coincidence Spectrometer. P. A. Mack.in, L. I. Liporsky, 
AND C. S. Wu, Columbia University.—A coincidence technique 
in conjunction with Columbia’s solenoidal spectrometer has 
been developed to resolve and investigate the 8-spectrum of 
the low energy group from a complex spectrum. An anthracene 
crystal counter is used as the gamma-ray detector and a 
G-M counter as the 8-detector. The resolution of the spectro- 
meter is set at 10 percent. The Au’ 8-spectrum (a simple 
spectrum followed by gamma-emission) was investigated with 
and without coincidences to check the performance of the 
system. Complete investigation of the complex spectrum of 
Rb** and Sb'** were completed. All sources were prepared by 
the vacuum evaporation method. Several different runs on 
Rb** all gave an a-type spectrum for the high energy group 
(1760+10 kev) and a spectrum indistinguishable from the 
allowed shape for the low energy group (670+5 kev). The 
spectrum of the low energy group could also be fitted by 
Cir or Civ. This is in good agreement with the results of 
Muther and Ridgeway.'! The uncorrected Kurie plot of the 
low energy group of Sb'** also gives a straight line as in the 
case of Rb**. The extrapolated upper energy limit of this 
group is 1460+10 kev. The theoretical interpretation and its 
implication with the 8-y-angular correlation results will be 
discussed. We are most indebted to Chalk River Laboratory, 
National Research Council of Canada, for the high specific 
activity Rb** and to the Isotope Division of the AEC for the 
Sb!** and Au’ used in this investigation. 

1H, R. Muether and S. L. Ridgeway, Phys. Rev. 80, 750 (1950). 


T14. The Emission of Pb X-Rays from Po*!® Sources.* 
WILLIAM RUBINSON AND WILLIAM BERNSTEIN, Brookhaven 
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National Laboratory.—Using a proportional counter pulse 
analyzer,! we have investigated the low energy photons from 
Po®® sources. These were first observed by Curie and Joliot,? 
who interpreted them as Po L and M x-radiations. By com- 
parison of the La line from the Po*® source with the cor- 
responding lines excited by a-particle bombardment of TI, 
Pb, and Bi, and by critical absorption measurements on the 
LB line, we have established that the L lines, at least, are 
characteristic x-ray lines of Pb. The yield, per nuclear decay, 
is (preliminary measurement): La, ~5.2 X 10-4; LB, ~2X 10, 
with an error of perhaps 25 percent. This means, assuming a 
Pb L fluoresecence yield of ~0.5, that when a Po*!® nucleus 
decays, the chance that its electronic cortege emits an L 
electron is ~0.1 percent. We will also report on the M lines 
from Po sources, and on the x-radiations arising from the 
B-décay of P®? and S*, and compare these results with the 
theoretical predictions of Migdal* and of — 

* Research carried out under the auspices of the A 

1 Bernstein, Brewer, and Rubinson, Nucleonics 6, 0 74950). 


#]. Curie and F. Joliot, J. phys. radium, VII 2, 20 (1931). 
SA. beg pm , J. Phys. (U.S.S.R.) 4, 449 (194 


1). 
«J. L. . Levinger, Thesis, Cornell University (June, 1948). 


T15. The Half-Life of Ac C’. R. F. Lemincer, E. Secr&, 
AND F. N. Spress,* University of California, Berkeley—Bom- 
bardment of lead with 20- to 40-Mev alpha-particles gives 
rise to several short lived alpha-activities. Of these Ac C 
(Bi 211) and Ac C’ (Po 211) have been positively identified. 
A third one is due to an isomer of polonium, most probably 
211 or perhaps 210. Ac C’, contrary to the old assumption 
based on Geiger-Nuttall law, has a half-life of 0.52 second; 
this has been found by producing Ac C’ with an (a, m) reaction 
on Pb 208 and confirmed by separating it from its mother sub- 
stance At 211. The astatine had been prepared by a Bi (a, 2n) 
reaction and the separation was effected by volatilizing the 
astatine from a platinum strip. The residue, isotopic with 
polonium, decayed with a half-life of 0.52 seconds. We saw 
also the corresponding increase in alpha-activity of At 211, 
deprived of Ac C’, which occurs while the latter substance 
regrows to reach radioactive equilibrium with At 211. 


* AEC Predoctoral Fellow. 


SATURDAY AFTERNOON AT 2:15 


Horace Mann 


(J. B. Jounson presiding) 


Invited Papers 


U1. Some Phenomena of the Upper Atmosphere. S. CHAPMAN, Oxford University. (30 min.) 
U2. Report on the Gaseous Electronics Conference of October, 1950. W. P. ALiis, M J.T. (50 min.) 
U3. Supraconductivity and Lattice Vibrations. J. BARDEEN, Bell Telephone Laboratories. (30 min.) 


SATURDAY AFTERNOON AT 2:00 
McMillin 
(E. T. Boot presiding) 


Mesons and Electrons 


Vi. Experimental Search for the Beta-Decay of the «+ 
Meson. HELEN L. FRIEDMAN AND JAMES RAINWATER, Colum- 
bia University.—Four hundred and six hundred micron Ilford 


G-5 (beta-sensitive) plates were exposed to fairly monochro- 
matic #* mesons inside the chamber of the Columbia Uni- 
versity 164-in. cyclotron in a special collimator using magnetic 
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focusing. Scanning was done at the surface of the plates so 
only tracks entering the surface in about the expected direction 
were considered. Such tracks were followed far enough to 
determine if they were mesons ending in the emulsion. In this 
way a meson was always recognized well before the *—y- 
junction was reached. About 40 percent of these entering 
tracks were mesons of which about 50 percent (for the 600 
u-plates) ended in the emulsion. For any position along the 
plate about 90 percent of the mesons were within 1 Mev of 
the mean energy for that position which varied from 11 to 14 
Mev. A few meson tracks >9 Mev, which showed no x—y- 
junction, ended in electrons. However, these all had ranges 
considerably outside the 90 percent region for the meson 
ranges. At time of writing the result is zero  —p events our of 
666 x—y-events falling in the 90 percent region. Later results 
will be presented. This work was supported in part by the 
ONR and AEC, 


V2. Absorption of x* Mesons by Deuterons. W. B. 
CueEston, University of Rochester —Calculations on absorption 
of x~ mesons from the K-shell of the meson-deuteron system! 
have led to important information about the properties of the 
a-meson. For «+ mesons of several Mev, the same selection 
rules hold as for x~ absorption. For higher energies, the reac- 
tion x*+d—-f+p dominates and a measurement of the 
absolute cross section and the angular distribution of the 
emitted protons should throw light on the spin and parity of 
the x-meson. For 25-Mev x* mesons, we find: 

Meson-nucleon coupling S(S) PS(PV) viv) PV(PV) 


o/g*/hc X10- cm? 1.15 9.45 1.66 9.22 
@ (90): #(180) 0.10 0.85 1.38 1.21 


By detailed balancing, the spin 0 total cross sections must * 


be three times as large as the spin one cross sections. Since the 
cross section* for p+p—>x*++d at 340 Mev is several times 
10-28 cm?*, the x* absorption cross section should be about 
10-** cm? at 25 Mev for x* and should provide a unique 
determination of the spin. This work was assisted by the AEC. 


1S, Tamor, Phys. Rev. (to be published). 
2K, Brueckner, private communication. 


V3. The Lifetime of the x~ Meson.* L. M. LEDERMAN, 
G. Bernarpint, E. T. Boor, anv J. H. Trntort, Columbia 
University.—The decay process of the 90 Mev x~ mesons 
produced in the Nevis cyclotron was studied with a cloud 
chamber.'! The lifetime of the x~ meson is determined directly 
from the corrected number of x—>y-decays observed and the 
total track length of »~ mesons. A cloud chamber run with 
a }-in. lead plate showed that the beam included fast electrons 
as well as x~ and w~ mesons. The proportion of electrons was 
deduced from the fraction of particles in the correct momen- 
tum interval stopping in the lead plate after correcting for 
probable number of meson interactions.? The proportion of 
wu” mesons was estimated by studying a series of Ilford G-5 
nuclear plates exposed behind various thicknesses of carbon 
during the cloud chamber run. The plates were scanned for 
p and o-mesons. The data were corrected to give the fraction 
of ~~ mesons in the proper momentum interval. The prelim- 
inary result obtained with 45 events gives for the mean life 
of the x~ meson at rest the value 2.80.6 X 10~* sec 


* Assisted by the joint ae go of the ONR and AEC, 
t Now at the University of Rochester. 


1 Lederman, Tinlot, and Booth, Phys. “Rev. (to be published). 
2 Bernardini, Booth, Lederman, and Tinlot, Phys. Rev. e be published). 


V4. The Interaction of x-Mesons with Nuclei.* M. Camac, 
D. Corson, R. Litraver, A. SHAprrRo, A. SILVERMAN, R. 
WILSON, AND W. Woopwarb, Cornell University.—1-mesons 
created in a target exposed to 300-Mev synchrotron radiation 
are focused into a monoenergetic beam with a double-focusing 
magnetic analyzer. The mesons are observed with a counter 
telescope—cloud chamber combination placed near the focal 
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point. The cloud chamber contains several absorber plates, 
the total thickness being sufficient to stop the x-mesons but 
not sufficient to stop u-mesons of the same momentum. The 
beam is found to include only a few percent of u-mesons. The 
=-mesons are observed to undergo large angle scatterings and 
to be captured while in flight in aluminum and in copper 
absorbers. In 1140 traversals of 35-60 Mev x~ and #* mesons 
through }-inch aluminur. plates, 20 such large angle scatter- 
ings or absorptions have been observed, giving an interaction 
cross sectivn consistent with the nuclear geometrical cross 
section. A preliminary measurement of the production ratio 
of s~ to * mesons in the energy range 60 to 75 Mev in 
carbon gives 1.10.2. 
* This work was performed under contract with the ONR. 


VS. Energy Spectrum of Positrons from the Decay of 
the y+ Meson. H. J. BRamson AND W. W. HAVENS, Jr., 
Columbia University.—The multiple scattering of positrons 
obtained from meson decay is being measured, using electron 
sensitive emulsions exposed in the Nevis cyclotron. In pre- 
viously reported work, the photographic plate has shown in- 
creasing promise of minimizing the twofold obstacles inherent 
in any analysis of the differential energy spectrum: (a) the 
difficulty in resolution of the energy of the positron, and (b) 
the few suitable tracts available for desirable statistical weight. 
The situation since the work of Davies et al.* has been so im- 
proved as-to promise a substantial refinement of their results. 
Artificial meson generators together with the development of 
an essentially distortionless emulsion 600 micron thick has 
provided a source of positrons suitable for study. Further, 
the rapid development of the technique of multiple scattering 
measurements** has permitted rapid evaluation of energy 
without sacrificing accuracy. Recent resultst casting doubt 
on the validity of the Williams’ theory in this connection 
necessitated a reevaluation of energy calibration. Results of 
these measurements will be reported. This work is supported 
by the ONR and AEC. 


* Davies et al., Phil. Mag. 40, 1250 (1949). 

** Fowler, Phil. Mag. 41, 169 (1950); 
Centre Phys. Nuc. No. 14 (1950). 

t Corson, Phys Rev. 80, 303 (1950). 


Goldschmidt-Clermont, Bull 


V6. Neutron Production by Negative Mesons Stopped in 
Lead. A. M. Conrorto* anv R. D. Sarp, Washington Uni- 
versity.{—In an investigation of neutron emission resulting 
from y-meson capture in various nuclei, data have been ob- 
tained for Pb, using a magnetized iron lens to single out neu- 
trons due to negative mesons slowed down by ionization loss 
alone. At sea-level, under thin roof: counters A, magnetized 
iron (239 g cm™), paraffin (6.3 cm), counters B, Pb absorber 
(87 g cm™*), counters C, neutron detector (paraffin-BF;). 
Confirming a previous indication,’ the (AB—C:N) Pb dif- 
ference is considerably higher when focusing negatives, 4.04 
+0.29/h as against 0.68+0.13/h. The apparent mean neutron 
multiplicity is 1.40.2. As the (AB—C) Pb difference exceeds 
somewhat the actual meson stopping rate, this figure is in 
satisfactory agreement with the 1.9+0.2 found underground 
with apparatus designed for an absolute multiplicity meas- 
urement.? The absence of dense material overhead, together 
with the high probability of nuclear energy loss in the Fe 
(which would spoil the focusing), rules out +~ mesons. The 
data without Pb absorber give a definite indication of neutron 
production by yw~ capture in the iron supporting members 
between B and C. 

* Now at the University of Rome. 

t Assisted by the joint propem of the ONR and AEC. 

1G. Groetzinger and G. W. McClure, Phys. sto tise 74, 5 oe (1948); G. W. 


Mears and G. Few ® hod Phys. Rev. 75, 
2 M. F. Crouch (private communication). 


V7. Nuclear Disintegrations Produced by y-Mesons. G 
Cocconit anp V. Coccont TonGiorGi, Cornell University.— 
An apparatus consisting of 12 BF; counters surrounding a 
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block of lead 4X 18X18 in. was sunk into a lake at depths 
from 1 to 60 m. The nuclear disintegrations occurring in the 
lead were detected as showers of two or more neutrons. In 
the first 5 m of water the radiation producing the nuclear 
disintegrations is absorbed with a mfp of ~150 g/cm?, hence 
it consists mostly of the tail of the nucleonic component. 
Beyond 10 m, it is absorbed as the penetrating component, 
hence u-mesons must be the primaries of the disintegrations 
observed there. The absolute intensity of the disintegrations 
indicates for the w-mesons a cross section of ~1 X10-?* 
cm?/nucleon, practically independent of depth. These events 
are believed to be mostly induced by the virtual photons 
accompanying the charged mesons. Analogous processes pro- 
duced by real photons are 10 times less probable. u-meson 
capture and (y,) reactions induced by mesons can con- 
tribute significantly only to the events with a single recorded 
neutron. The frequency of single recorded neutrons indicates 
an average multiplicity of 2 neutrons from each s-meson 
captured in lead. Our results are in agreement with those ob- 
tained by George and Evans, with photographic plates 
underground. 


V8. The Emission of Slow Positive and Negative Mesons 
from Nuclear Disruptions Produced by Cosmic Radiation. 
HERMAN YAGoDA, National Institutes of Health—Microscopic 
examination of 600 micron plates and nuclear emulsion 
castings! of 1200- and 1800-micron thickness exposed in the 
stratosphere have revealed 101 examples of slow mesons 
created and terminating in the sensitive layers. As evidenced 
by x—y-decay 15 of the ejected particles are r+, and 86 are 
identified as *~ by the formation of secondary stars at the 
track terminus. The parent star size permits a rough classifica- 
tion of the events initiated in (Ag+Br) nuclei and those of the 
gelatin component (H+C+N+0O). For the slow *~ mesons 
the available statistics indicate a heavy to light nuclei ratio 
of 3.5+0.9, suggesting a production process of the same 
magnitude as the ration of the geometric cross sections of the 
respective nuclei. In plates coated 600 microns the observa- 
tional intensity of the slow meson connected double stars is 
9 per cc per day. Owing to the smaller probability of escape 
from the thick castings the observational intensity is increased 
to 19 per cc per day. The energy spectrum of the ejected 
mesons resides between 0.5 to 22 Mev. Data on range distribu- 
tion and the multiplicity of the secondary stars will be 
described. 


1H. Yagoda, Phys. Rev. 79, 207 (1950). 


V9. Analysis of Meson Production in Nucleon-Nucleon 
Collisions. K. M. Watson anp K. A. BRUECKNER, Uni- 
versity of California, Berkeley —A phenomenological theory of 
meson production in nucleon-nucleon collisions has been 
developed and is applied to an interpretation of experimental 
results obtained at Berkeley.* Since, for present experimental 
beam energies, most of the initial nucleon kinetic energy goes 
into the rest-energy of the meson, leaving relatively slow 
particles in the final state (in the center-of-mass system), 
the production process is accompanied by large momentum 
transfers which suggests close distances of approach for the 
two colliding nucleons. Interpreting this as representing a short 
range interaction, it seems natural to make a partial-wave 
analysis of the particles in the final state. This leads directly 
to relationships between the excitation function, meson spec- 
trum, and angular distribution. Combined with angular mo- 
mentum and parity conservation the analysis seems capable of 
leading to a simple interpretation of the experimental results. * 
Applied to the experimental energy spectra and angular de- 
pendence, the center-of-mass angular dependence is deduced 
to be of the form of a cos? 6 distribution for x+ mesons produced 
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by proton-proton collisions. Implications as to charge sym- 
metry are also considered. 

* We are indebted to C. Richman, H. A. Wilcox, W. Cartwright, z 
Whitehead, M. Skinner, V. Z. Peterson, H. F. York, and their collaborat- 
for discussions of their experiments and permission to quote their resul 
in advance of publication. 


V10. Mean Life of a Positron in Stilbene.* D. C. Moore, 
Rensselaer Polytechnic Institute-——The theory of Dirac! pre- 
dicts a mean life of 10~* sec for the positron in stilbene. Using 
a diode-type coincidence circuit and coaxial delay lines, some 
measurements have been made of the time delay between the 
stopping of the positrons and the absorption of the annihilation 
gamma-rays. Tentative data indicate that this mean life is 
1.0+0.5X10~* sec. These tentative results contrast with the 
work of Shearer and Deutsch.* They find, in general, an ex- 
perimental cross section which is higher than that predicted 
by theory. Further measurements are being made. These 
further measurements, the experimental apparatus, and the 
method of analysis of the data will be discussed. 

* Supported by Rensselaer Polytechnic Institute Research Fund. 


1P. A. M. Dirac, Proc. Camb Phil. Soc. 26, 361 (1930). 
2 J. W. Shearer and Martin Deutsch, Phys. Rev. 76, 462 (1949). 


V11. Annihilation of Swift Positrons.* J. W. SHEARER AND 
M. Deutscu, M.J.T.—Scintillation counters have been used 
to study the annihilation of swift positrons in matter. Posi- 
trons emitted from a strong Co-56 source are focused by a 
magnetic lens spectrometer on an anthracene crystal. A 
differential discriminator selects only the small pulses from 
this crystal and puts them into coincidence with pulses from 
a sodium iodide scintillation counter which is used as a y-ray 
detector. This second counter can be rotated about the 
anthracene crystal, and its efficiency as a function of y-ray 
energy is known by a previous calibration. The expected 
coincidence rates as functions of the angle of rotation, the 
y-ray energies, and the incident positron energy were calcu- 
lated by combining the expected small angle scattering with 
the Bethe-Heitler' theory of annihilation. The measurements 
were taken at average positron energies of 510, 765, and 1020 
kev, and the results behaved qualitatively as expected, but 
were only 60 percent of the predicted coincidence rates. It is 
not possible to state whether the discrepancy is real or is due 
to experimental error. Triple coincidences measured using an 
additional y-ray counter confirmed that the annihilation 
process was predominantly two-quantum. 


* This vee bas been supported in part by the joint program of the 


ONR and “ 
1H. A. Bethe and W. Heitler, Proc. Roy. Soc. 146, 83 (1934). 


Vi2. A Preliminary Measurement of the Decay of Posi- 
trons in Plexiglas.* Watter E. MILLett, University of 
Florida.—Positrons from sodium-22 were allowed to be an- 
nihilated in gold, lead, and Plexiglas. In the decay of sodium-22 
the emission of a positron is followed by the emission of a 
1.3-Mev gamma-ray. Preliminary measurements of coinci- 
dences between the 1.3-Mev gamma-ray and one of the an- 
nihilation gamma-rays have been made with a high resolution 
coincidence circuit by the method of delayed coincidences. 
A plot of the logarithm of the coincidence counting rate 
versus time delay gave similar curves when lead and gold were 
used as absorbers. But this plot of the data obtained when 
Plexiglas was used as an absorber was broader The slopes of 
the “tails” of the curves for both gold and lead were about 
9X 10-© sec and that for Plexiglas was about 14X 10~"° sec. 
It should be emphasized that this work is still in the pre- 
liminary stages and further work will be carried out. The 
pulses used were those obtained using a stilbene crystal and 
an RCA 5819 photo-multiplier tube. The coincidence circuit 
used seems to be similar in principle to one discussed by Z. 
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Bay in the Physical Review 79, 233 (1950). However, the 
author is not familiar with the details of Bay’s circuit. 
* This work was carried out at the California Institute of Technology 


as an AEC Postdoctoral Fellow. Additional support after the expiration of 
the Fellowship was provided by the ONR. 


V13. The Velocity of Gamma-Rays in Air. M. R. CLELAND 
AND P, S. JAstRAM, Washington University.—The velocity of 
gamma-rays in air has been measured directly by means of 
scintillation counters and a delayed-coincidence system. The 
gamma-rays used were the 0.5-Mev quanta, emitted simul- 
taneously in opposite directions, that result from positron 
annihilation. The source of positrons was Cu“, which at the 
start of the experiment had a strength of about 1 curie, The 
source was placed between two scintillation counters, one of 
which was left fixed, while the other was varied in position. 
For five different positions of the second counter, the cor- 
responding delay due to the time of flight of the gamma-ray 
was determined. The distance between source and counter 
ranged from 2.5 to 32 5 meters, and was measured to 1 milli- 
meter. Calibration of the coaxial cables used for introducing 
known delay was accomplished by determining the resonant 
frequencies of the cables under short-circuit termination, be- 
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tween 2 megacycles and 200 megacycles. The measured value 
of the gamma-ray velocity, estimated to be accurate to better 
than one-half percent, is 2.983 X 10" cm sec™. 


V14. Radiation Loss of Electrons.* L. M. SpETNER AND 
J. S. Crarx, M.J.T.—An experiment is being performed to 
measure the radiation loss of electrons and positrons on pass- 
ing through matter. The synchrotron gamma-ray beam im- 
pinges upon the glass wall of a magnet cloud chamber produc- 
ing positron-electron pairs. The energy of each particle is then 
measured both before and after it traverses a plate in the 
chamber. Preliminary results have been obtained with about 
0.2 radiation lengths of stainless steel and the results do not 
disagree with the Bethe-Heitler bremsstrahlung theory. An 
experiment is under way using a carbon plate and it is hoped 
that the results of this experiment will demonstrate the effect 
of bremsstrahlung in the field of the atomic electrons. Because 
of the sharpness of the tracks appearing in the post-expansion 
photographs, the error in the energy measurement, which 
depends upon the energy, is a maximum of about two percent. 
Typical cloud-chamber photographs will be shown. 


* Assisted by the joint program of the ONR and AEC. 


SATURDAY AFTERNOON AT 2:15 
Pupin 428 


(A. H. NIELSEN 


presiding) 


Optical Physics, Including X-Rays 


W1. High Intensity Spectroscopic Flame Sources.* G. A. 
HORNBECK AND R. C. HERMAN, The Johns Hopkins University. 
—A high intensity source has been developed which provides 
a means for studying at high dispersion the polyatomic spectra 
emitted by flames of hydrocarbons, CO and NHs. Spectra of 
these gases burning with O, or O, with diluents such as No, 
CO:z, and A have been examined from ~2300—~9000A. If 
the fuel/oxygen ratio, p, is about stoichiometric, one obtains 
flames in which diatomic spectra are most prominent. If 
pi or if the concentration of diluents is high, cooler flames 
result in which diatomic spectra are highly suppressed. To 
obtain high intensity under these conditions, premixed gases 
are burned in an open quartz tube heated in a furnace at 
~1000°C to stabilize the flame at the high flow rates em- 
ployed. High dispersion spectrograms have been obtained of 
the hydrocarbon and CO flame bands and a-bands of the NH; 
flame virtually free from diatomic spectra with relatively 
short exposures. Exposure times of ~30 sec are required with 
a medium quartz Bausch and Lomb spectrograph and ~10 
min with a 2-meter Baird grating spectrograph (4A/mm) 
using 25, slits and II-O plates. 

* Supported by the U. S. Navy, Bureau of Ordnance. 


W2. Vibration-Rotation Bands of CO in Flame Spectra.* 
SHIRLEIGH SILVERMAN, The Johns Hopkins University, AND 
W. S. Benepict, National Bureau of Standards.—The emis- 
sion of carbon monoxide-oxygen flames has been studied with 
a 7200-line vacuum grating spectrometer. Between 2.34 and 
2.6% the vibration-rotation bands of CO appear as a well- 
developed spectrum, with only slight interferences from other 
bands (CO;?) at the long-wavelength end. The 2-0, 3-1, 4-2, 
and 5-3 bands all appear, and extend to J values above 50. 
Heads are formed in the R branches at J~50, and are a promi- 
nent feature of the spectrum. The positions of the lines of 
higher v’ and J show slight deviations from those calculated 
according to the constants of Herzberg and Rao.' From the 


observed relative intensities and theoretical transition prob- 
abilities, rotational and vibrational ‘‘temperatures’’ may be 
calculated. These are both about 2000°K+10 percent. This 
is much lower than the calculated flame temperature 
(~3000°K) or the observed “temperature” of 2900°K de- 
rived from the rotational distribution of levels in the OH 
radical at 3064A. 


* Supported by U. S. Navy, ONR and Bureau of Ordnan 
1G. Herzberg and K.N. Rao, J. Chem. Phys. 17, 1099 (1949). 


W3. Vibration-Rotation Lines of OH in Flame Spectra.* 
W. S. Benepict, EarRLe K. PLYLerR, AND Curtis J. Hum- 
PHREYS, National Bureau of Standards.—The emission from 
oxy-acetylene and oxy-hydrogen flames has been recorded in 
the spectral region 1.14-2.5y4 with a 15,000-line grating spec- 
trometer and PbS detector. Under favorable conditions, slits 
as narrow as 0.025 mm could be used, affording good resolu- 
tion of the complex structure, which is principally due to 
vibration-rotation bands of H,O. In the region of 16u, which 
in the oxy-acetylene flame is relatively free from H,O emission, 
numerous vibration-rotation lines of OH have been identified. 
These include all lines from P(5) to P(19) in the 2-0 band, 
from P(4) to P(15) in the 3-1 band, and from P(4) to P(10) in 
the 4-2 band. The spin doublets, and at high K the A-doublets 
are resolved. From the observed relative intensities and 
theoretical transition probabilities, it is possible to calculate 
effective rotational and vibrational ‘‘temperatures."’ Pre- 
liminary results yield 2600°+200°K by both methods, for the 
oxy-acetylene flame, at a position in the outer cone where 
measurements using the ultraviolet band at 3064A normally 
yield ‘‘temperatures” around 3000°K. 


* Supported in part by ONR. 
W4. The Hyperfine Spectra of Diatomic Molecules. R. A. 


FRoscH AND H. M. Fo.tey, Columbia University.—A general 
theory of the magnetic hfs for diatomic molecules including 








338 


relativistic effects has been obtained. Expressions for the 
energy levels have been worked out for the various cases of 
angular momentum coupling. In ‘Hund’s case a”’ the diagonal 
part of the hfs operator has the form a(I-J)//J(J+1) in zero 
field. Formulas for the energy levels in ‘‘Hund’s case }” 
are given for =-states and for non-Z-states. The effect of the 
relativistic hfs interaction is most apparent in =-states, where 
it gives a nonvanishing hfs for K=0, analogous to the hfs in 
atomic s states. The coefficients in the hfs splittings are given 
explicitly in terms of integrals over the electronic wave 
functions. 


WS. The Infrared Spectrum of Active Nitrogen. Lewis M. 
BranscoMB, Harvard University.—Re-association of two nitro- 
gen atoms in the presence of a third body is generally taken 
to be the primary source of excitation energy in the Lewis- 
Rayleigh glow of active nitrogen. A detailed reaction scheme 
cannot be established until the dissociation energy of Noe is 
known. Kaplan! has reported an enhancement of the first- 
positive (0, 0) band at 10,440A, which indicates a very selec- 
tive population of the v=0 level of the B*x state of N2 in the 
Lewis-Rayleigh afterglow. This observation was taken to sug- 
gest the 7.383-volt value for D(N2). Our experiment to de- 
termine D(N-2) from the infrared spectrum of the “dark modi- 
fication”’ of active nitrogen met with failure because our spec- 
tra did not indicate that the infrared (0,0) band was ab- 
normally intense. Forty-eight hour exposures on hypersensi- 
tized and pre-fogged I-Z plates show 31 bands of the Ne 
first-positive system in the Lewis-Rayleigh glow, including the 
(0, 0) and (1, 1) bands. There is no indication in these spectra 
that v’=0 is populated in preference to v’=1, 2, or 3. The 
results reported here neither confirm nor contradict the 7.383 
volt value for D(N2). Relations between these observations 
and the spectra of the air glow of the earth’s atmosphere are 
discussed. 

1J. Kaplan “The laboratory production of auroral afterglows,"” The 


Emission Spectra of the Night Sky and Aurorae (The Physical Society, Lon- 
don, 1948), p. 118. 


W6. Hindered Rotation in CH,CF; and CH;,SiF;. H. T. 
MINDEN* AND B. P. DatLey, Columbia University.—The fre- 
quencies of certain low lying vibrations, which are inactive 
in the infrared and Raman spectra, may be roughly deter- 
mined from the measurement of intensity ratios of vibrational 
fine-structure lines in the microwave spectrum. The torsional 
frequencies in the similar molecules CH;CF; and CH,SiF; 
have been determined to be 234440 cm™ and 141430 cm™, 
respectively."? Using the parabolic approximation to a cosine 
barrier to internal rotation values of 3480 cal/mole for 
CH,CF; and 1200 cal/mole for CH;SiF; can be calculated. 
The value for the barrier in CH;CF; is in good agreement 
with the more precise but less directly determined values 
calculated from thermodynamic data’ and from combination 
and difference frequencies in the infrared spectrum.** The 
lower barrier observed for CH;SiF; is apparently a result of 
the greater distance between interacting groups in this mole- 
cule. The change in rotational constant from ground state to 
excited state of torsion is also smaller for CH;SiFs. 

* Now with RCA Laboratories Division, Princeton, New Jersey 

1 Dailey, Minden, and Shulman, Phys. Rev. 75, 1319 (1949). 

2 Minden, Mays, and Dailey, Phys. Rev. 78, 347 (1950). 

* Russel, Golding, and Yost, J. Am. Chem. Soc. ee 16 (1 


944). 
4H. S. Gutowsky and H. B. Levine, J. Chem. Phys. 18, 1297 (1950). 
5 Nielsen, Claassen, and Smith, J. Chem. Phys. ert 1471 (1950). 


W7. The Infrared Spectrum of C:D, Under High Dispersion. 
R. M. TaLiey* anp A. H. NIELSEN, University of Tennessee.— 
The infrared spectrum of C.D: has been investigated by Stitt! 
and Randall and Barker* with prism instruments, and Nielsen* 
reported band centers for two strong bands. The present in- 
vestigation was made with a grating spectrometer from 500 
and 8000 cm™ using path lengths up to 12-meter atmospheres. 
The infrared fundamentals were remeasured with high ac- 
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curacy, and the inactive fundamentals were determined ac- 
curately for the first time from difference bands. The funda- 
mental frequencies are 2701.84, 1764.9, 2439.10, 511.38, and 
536.94 cm~ vacuum in the order used by Herzberg. About 30 
combination and difference bands, most of which are new, 
were measured and assigned. Enough information was avail- 
able for the calculation of all of the anharmonic constants and 
the simple harmonic frequencies. All of the rotational and 


vibration-rotational constants were evaluated for the first time. 
The average By value was 0.8482; cm™ vacuum and B, was 
0.85507 gm-cm?. Some new bands of C;HD were also measured. 


* Now at the U. S. Naval Soe Labonenany; White Oak, Maryland. 
1F, Stitt, J. Chem. Phys. 8, 56 (194 
2H. M. Randall and E, F. Barker, Phys. Rev. 45, 124 (1934) 
3A. H. Nielsen, Phys. Rev. 57, 346 (1940). 


W8. Quenching of Fluorescence in Liquid Solution.* 
S. Granp, F. C. Cottins, Polytechnic Institute of Brooklyn, 
AND G. E. KimBaLt, Columbia University—Equations for 
the quenching constant, ke, as a function of concentration and 
diffusion constant, have been derived using a diffusion flux 
equation obtained with a modified boundary condition.' Com- 
parison with quenching data for any particular fluorescer 
leads to a value of the mean lifetime, ro, of the excited state 
in terms of a “virtual quenching radius,”’ R’. R’ involves the 
probability, a, of quenching per encounter as follows: 
R’'=aR/(aR+ )), where R is the actual quenching radius and 
p is related to the mean diffusional jump length. The depend- 
ence of kg upon the concentration, co, of quencher leads to 
unique values for ro and R’. Williamson and LaMer’s* quench- 
ing data for fluorescein yield a 7» for fluorescein in excellent 
agreement with that obtained by Perrin* from depolarization 
measurements. 7» values for several other fluorescers, for which 
only quenching data exist, have been predicted. For long ro 
and small R’, kg becomes independent of ¢o. 

s fe gr by the ONR. 

. C. Collins and G. ~ . Kimball, J. Colloid Sci. 4, 425 (1949). 


4 Williamson and V. LaMer, J. Am. Chem. Soc. 70, 717 (1948). 
*F, Perrin, Ann. Physile (108) 12, 169 (1929). 


W9. Spectroscopy from the Point of View of Communica- 
tion Theory. Part I. Resolution.* GitBert W. KING, Albert 
D. Little, Inc., anp A. G. Emstre, Williams College -—The 
following factors which affect resolution, the numerical aper- 
ture of the instrument D/f, finite entrance and exit slits (2d), 
absorption of the prism B, and the finite width of the absorp- 
tion line 24, have been treated simultaneously to get the exact 
relationship between the resolving power 2a and slit width. 
The results are presented graphically for various values of 
natural line width and the prism absorption. For B, 4, and d/é 
large, the relationship can be approximated by a law of 
quadrature 3a?=4d?+(8+B), where a, d, and 6 are measured 
in units characteristic of the diffraction pattern at wavelength 
h, f/D. The absorption coefficient in absolute units is 
multiplied by a quarter of the base of the prism to give B. 
In the practical range, the law of combination is much 
stronger, and the resolving power for small 6 and B can actually 
be better than that expected from the geometrical optics of the 
slits alone. 

* This work was done in part under a Grant-in-Aid from the American 


Cancer Society upon the recommendation of the Committee on Growth of 
the National Research Council. 


W10. Does Circularly Polarized Light Magnetize a Re- 
fractive Medium? RicHarp M. BETH AND AnGus F. Bonp, 
Western Reserve University.—An extremely small but possibly 
detectable effect of circularly polarized light may be inferred 
as follows. As the light passes a fixed point in a refracting 
medium of index n, the electric vector of magnitude E de- 
scribes a circle in a plane perpendicular to the direction of 
propagation ; so does the electric polarization, P = (n*—1)E/4x 
esu. The mean positions of the displaced negative electrons, 
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N per cm', thus described circular paths of mean radius 
r=P/Ne, while the much more massive positive charges 
remain practically at rest. Considered as amperian currents 
these electron movements represent a magnetization of 
ar*vyNe/c emu, where » is the frequency of the light. The re- 
sultant magnetic induction is B=»(n*—1)*E*/4Nec gauss in 
the direction of propagation for right circularly polarized light. 
With reasonable assumptions the order of magnitude of B is 
10 gauss. Means of detection so far considered do not seem 
to offer adequate sensitivity. 


W11. Further Calculations of X-Ray Diffusion in an Infi- 
nite Medium.* L. V. SPENCER AND FANNIE Stinson, Na- 
tional Bureau of Standards.—The polynomial expansion 
method for solving x-ray penetration problems has been ap- 
plied to the following cases: (1) Plane monodirectional 1.33- 
Mev source in water. Particular attention was paid to the 
radiation scattered back of the source. The calculation was 
limited to scattered x-rays with energies above 200 kev. The 
results show the appearance behind the source of components 
high enough in energy to indicate that they must have been 
scattered two or more times. (2) Point monodirectional 1.33- 
Mev source in water. The mean square sideways displacement 
has been determined as a function of depth of penetration. 
The calculation has so far been carried out for energies above 
730 kev and for penetrations up to about 10 mean free paths 
of the most penetrating component. (3) Calculations are also 
being made of the angular distribution of the scattered x-rays 
as a function of distance from a point isotropic Co™ source in 
water. 


* Work supported by an ONR grant. 


W12. On the Production and Detection of Polarized X-Rays. 
G. C. WicK AND M. May, University of California, Berkeley.— 
It will be shown that the bremsstrahlung emitted at a (small) 
angle to the direction of the electron beam striking an x-ray 
target can be quite considerably polarized even at very high 
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energies. Use has been made of the simple Weizsacker-Williams 
method, but some checks based on the more accurate Bethe- 
Heitler formulas will be discussed. The detection of y-ray 
polarization by pair-creation has been discussed in a similar 
manner; the results will be compared with those of Berlin 
and Madansky.! The main difficulties in the application of 
these ideas seem to arise from multiple scattering of the elec- 
trons. An attempt to estimate the effect of multiple scattering 
in some typical cases has been made. , 


1 T. H. Berlin and L. Mandansky, Phys. Rev. 78, 623 (1950). 


W13. On the Nonspecular Reflection of Electromagnetic 
Waves.* Vicror Twersky, New York University.—The 
nonspecular reflection of plane electromagnetic waves of 
arbitrary polarization and angle of incidence by certain per- 
fectly conducting surfaces, composed of either semicylindrical 
or hemispherical bosses on an infinite plane, was analyzed. 
Solutions for the problem of the single boss were extended, 
subject to the single-scattering hypothesis, to obtain the far 
field solutions for certain small finite patterned distributions 
and both small finite and infinite uniform random distributions 
of bosses of radii small compared with the wavelength. It was 
found for certain values of the parameters that the reiected 
radiation consisted only of either the specular or the scattered 
contributions, while for other values one of the scattered 
contributions, either the parallel or perpendicular compohent 
vanished. The results also indicated the occurrence of an ex- 
tremum in the reflected radiation in the vicinity of the 
specular angle of reflection, which for certain ranges of the 
parameters for the small finite distributions was a minimum 
rather than a maximum. For these cases there was also some 
critical angle of incidence (not necessarily #/2, or grazing 
incidence) for which the reflection at the specular angle was 
completely specular. 

* The research reported in this paper has been made possible through 


support and sponsorship extended in part by the Geophysical Research 
Directorate of the Air Force Cambridge Research Laboratories. 


SATURDAY AFTERNOON AT 2:15 
Schermerhorn 501 
(L. W. McKEEHAN presiding) 


Metals 


X1. The Interaction of 5d Shells in Tungsten. Irvin 
IsENBERG, University of Chicago.—The contributions of the 
Fermi energy and electrostatic interaction of different poly- 
hedra to the elastic constants of tungsten are quite small com- 
pared to the measured values. If one assumes that the contri- 
butions from the energy of the lowest 6S state and from the 
many body forces arising from the non-orthogonality of the 
wave functions of different ions are also small then the major 
part of the elastic constants is due to the 5d exchange energy. 
Because of the short range nature of these interactions only 
nearest and next nearest neighbors need be considered and one 
can neglect the contribution made by terms involving the 
first derivative of the second nearest neighbor interaction 
energy. One can then solve for the first and second derivatives 
of the nearest neighbor interaction and the second derivative 
of the next nearest neighbor interaction in terms of the elastic 
constants. The two second derivatives are positive and roughly 
equal while the first derivatives are positive and roughly equal 
while the first derivative is quite small. These values may be 


interpreted in terms of an antiferromagnetic array in tungsten 
as proposed by Zener.' 
1C. Zener, Phys. Rev. (to be published). 


X2. Perturbed Energy Bands in Transition Alloys. J. E. 
GoLpMAN, Carnegie Institute of Technology.—The electronic 
specific heat, low temperature magnetic properties, Hall 
effect, and the electrical resistivity in copper-nickel alloys 
containing more than 60 percent copper are not readily ex- 
plained in terms of the usually applied band theory. The latter 
requires that the 3d band in nickel be filled by the 4s electrons 
contributed by copper when the composition reaches 60 per- 
cent copper, and that with further additions of copper the 
alloy behave as a metal with completely closed inner shells. 
A theory is proposed in which these properties are ascribed to 
the statistical fluctuations in local concentration of nickel 
atoms which are calculable for a perfectly random alloy from 
the binomial coefficients. It is suggested that when a cluster 
containing an atom and its 12 nearest neighbors is predomi- 
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nantly nickel (>7 nickel atoms), the resulting perturbation 
in the periodic potential shifts the band upwards in a manner 
analogous to that predicted by Slater and by James for the 
case of impurities in a semiconductor. In the neighborhood of 
such a cluster, there will exist vacant d-states into which 
electrons can be excited from the highly dense Fermi surface 
and thereby contribute significantly to the specific heat. 
Calculations based on this hypothesis and certain simplifying 
assumptions give good quantitative agreement with specific- 
heat and magnetic data. 


X3. Free Energy Changes in the 6,—(' Transformation 
in the Alloy AuCD.* D. S. LieBperman, T. A. READ, AND 
L. C. CHanG, Columbia University.—Single crystals of AuCd 
undergo a diffusionless phase transformation from an ordered 
body-centered cubic structure above the transition tempera- 
ture to an orthorhombic structure below it. The low tempera- 
ture orthorhombic phase consists of an aggregate of domains 
or a single domain depending on the annealing procedure of 
the sample. The relative orientation of the domains in the 
aggregate correspond to the various crystallographically 
equivalent transformation lattice shears.f If a bending mo- 
ment is applied to the specimen as it is cooled through the 
transformation temperature, a deformation is produced which 
remains substantially the same even upon release of the load. 
On subsequent heating under various loads, the original cubic 
structure is recovered, as is likewise the original shape of the 
specimen which had existed above the transformation tem- 
perature. Use has been made of this phenomenon to study the 
free energy difference between the two phases as a function of 
temperature. The various loads applied upon heating the de- 
formed specimen oppose the transformation. Deflection and 
hence degree of transformation were observed as a function 
of temperature and the applied load, and thus the transforma- 
tion temperatures as a function of the external work done by 
the sample. 


* This work was supported by the AEC. 
+ L. C. Chang and T. A. Read, J. Metals (January 1951). 


X4. Measurements of Atomic Mobility in Binary Alloys 
by Means of the Pair-Reorientation Effect. A. S. Nowrck, 
University of Chicago.—The anelasticity associated with stress- 
induced reorientation of pairs of solute atoms! is utilized to 
study atomic mobility in homogeneous substitutional alloys. 
From the time of relaxation, 7, obtained at each temperature 
by measurement of elastic after-effect (for r>20 sec) or of an 
internal friction peak (for r<1 sec), the corresponding diffu- 
sion coefficient may be obtained. Since the time required for a 
measurement is of the order of the mean time for a single 
atomic jump, the atomic mobility may be obtained at tempera- 
tures considerably below those at which macroscopic diffusion 
measurements can be made. The method is applied to silver- 
zinc and silver-indium alloys; the heat and entropy of activa- 
tion for the elementary diffusion process are obtained as a 
function of alloy composition. The data obtained by this 
method are compared with conventional diffusion data for 
these alloys. 

1C. Zener, Phys. Rev. 71, 34 (1947). 


X5. Measurement of Carbon Diffusion in Metallic Car- 
bides. G. C. Kuczynsk1 anpD R. W. LANDAvVER, Lewis 
Laboratory, NACA.—The rate at which excess metallic inclu- 
sions are consumed by carbon diffusing in from a surface, is 
utilized for measurement of the diffusion coefficients of carbon 
in metallic carbide lattices. Under certain conditions easily 
realized in practice a simple solution of the flow equation can 
be obtained. From the measurements of the average diameter 
of metallic inclusions as a function of time at a fixed distance 
from the interface, the diffusion coefficient of carbon at a 
given temperature can be calculated using the above men- 
tioned solution. 
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X6. Self-Diffusion in Cobalt. Foster C. Nrx AND FRANK E. 
Jaumot, JR., University of Pennsylvania.*—The self-diffusion 
of cobalt has been measured using radioactive Co™. The radio- 
active Co® was evaporated onto the surface of pure cobalt 
samples. The absorption coefficient in cobalt of the complex 
spectrum of the radioactive isotope was required in the 
mathematical analysis used. This was determined under condi- 
tions similar to those present in the diffusion samples. The 
data at 1050°C, 1150°C, and 1250°C, indicate that the self- 
diffusion coefficient for cobalt is given approximately by 
D=0.37 exp(—67000/RT) cm? sec. 


* This work was supported by the ONR. 


X7. Inertia of Oscillating Ferromagnetic Domain Walls. 
GeorGeE T. Rapo, Naval Research Laboratory.—A domain 
wall driven by a sinusoidal external field, H =H» exp(iwt), 
is shown to have the same apparent mass per unit area, m, 
as that derived by Déring' and Becker for the wall in uniform 
motion, even though in the oscillatory case the spin orienta- 
tions are found to be functions of (x— fvdt) and t. Déring’s 
approximation (K<2xM,?) is used. Phenomenological damp- 
ing torques, assumed by Kittel (to be published) and others in 
discussing uniformly moving walls, are not now considered. 
Nonlinearities are avoided by restricting Hy and w to the range 
yHy«Kw<y(2K/M,). The wall velocity, v, is obtained from 
the “solvability condition” of an inhomogeneous classical 
eigenvalue equation. If H is applied along [0, 1, 1], the 90° 
wall separating two semi-infinite domains (having equilibrium 
magnetizations along +y and +3, respectively) oscillates 
along the x axis and, as expected, v=(2'!M,/iwm)H. The 
domain rotations are shown to influence the time-dependent 
demagnetizing field essential for wall oscillation, but such 
interactions are negligible here because of the frequency re- 
striction w<y(2K/M,). Experimentally identified wall reso- 
nances? are examined. 


1W. Doring, Z. Naturforsch. 3a, 374 (1948). 
2 Rado, Wright, and Emerson, Phys. Rev. 80, 273 (1950). 


X8. The Initial Susceptibility of Nickel under Tension. 


B. N. BrocknousE,* University of Toronto.—The initial 
susceptibility (x) of a very pure nickel wire has been measured 
under various tensional stresses (Z) between room tempera- 
ture and the Curie point. The results are found to depend 
upon the structure of the specimen. For annealed nickel the 
quantity xZ is independent of Z if the stresses are applied in 
order of increasing magnitude and if no plastic deformation 
occurs. If boundary movements do not contribute to x then 
xZ is independent of the annealing temperature. At tempera- 
ture below 150°C the temperature variation of xZ is in agree- 
ment with the recent theory of Déring.' At higher tempera- 
tures xZ increases monotonously to the Curie point but at a 
smaller rate than Déring’s low temperature theory predicts. 
For cold-worked nickel xZ is always smaller than for annealed 
nickel and has a significantly larger temperature dependence. 
This fact together with the difference in purity of the speci- 
mens used accounts for much of the difference between these 
results and those of Scharff.? 


* Now at the Chalk River Laboratories, National Research Council of 


‘anada. 
1W. Déring, Z. Physik 124, 501 (1948). 
2G. Scharff, Z. Physik 97, 73 (1935). 


X9. Heat Treatment of Iron-Silicon Alloys in a Magnetic 
Field. Maticpa Goertz, Bell Telephone Laboratories. In- 
troduced by R. M. Bozortu.—In an investigation of the mag- 
netic properties of iron-silicon alloys it has been found that 
heat treatment in a magnetic field is effective for alloys con- 
taining between two and ten percent silicon. The maximum 
effect was obtained at about 6.4 percent silicon, in agreement 
with preliminary work by O. L. Boothby and H. J. Williams. 
An effect of this kind on lower silicon contents has already been 
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obtained independently by Mihara.! The low crystal aniso- 
tropy and the magnitude of the Curie temperature (700°C) 
are favorable for effective magnetic anneal. After annealing 
in pure hydrogen at 1300°C, the magnetic anneal increases the 
maximum permeability by a factor of about 5, to 300,000. 
In a single crystal of 6.5 percent silicon, magnetized parallel 
to a [100] direction, the hysteresis loop is squared by the 
magnetic anneal, and the maximum permeability is increased 
from 50,000 to 3,800,000, the highest ever reported for any 
material. Heat treating this crystal in a transverse field lowers 
the permeability to about 40,000 and the shape of the 
hysteresis loop becomes similar to that for an ordinary anneal. 

1K. Mihara, unpublished report. See “Magnetic Development in Japan 


during World War o “tha S. Naval Technical Mission to Japan, pp. 46-55 
(1946). ATIS No. 3. 


X10. Formation of Oxide Films on Chromium Steels. H. J. 
YEARIAN, Purdue University.—Electron micrographs of the 
surface of chromium steels taken after increasing periods of 
oxidation at temperatures of 500°C to 700°C show that a 
uniform film of small crystallites is quickly formed; most of 
the growth thereafter is confined to small localized regions. 
These regions of local attack form at random positions on the 
metal surface, growth rapidly at first, then more slowly in the 
form of nodules; new growth centers are formed continuously. 
As oxidation proceeds the local growths gradually coalesce to 
form a continuous scale which may be removed mechanically, 
leaving a quite uniform oxide film. The density and rate of 
growth of the nodules increase with increase of time and 
temperature of oxidation and with decrease of the chromium 
content of the alloy. X-ray diffraction shows that aFe,O; is 
the principal component of the nodules, whereas transmission 
electron diffraction (of stripped films) indicates a high propor- 
tion of Cr,O; in the thin film substrate. Experiments to de- 
termine the cause of the localized atrack will be described. 


X11. Effect of Oxide Films on the Internal Friction of 
Cadmium Single Crystals.* S. SHaprro anp T. A. REap, 
Columbia University —Andrade' and Harper and Cottrell? 
have shown that thin oxide films have an important effect on 
the plastic behavior of cadmium or zinc single crystals as ob- 
served in creep or tension tests. In the present work internal 
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friction measurements have been made by the composite 
quartz oscillator method* on cadmium single crystals which do 
and do not have oxide films of the type studied by Andrade. 
The crystals were grown by the Bridgman method from New 
Jersey Zinc Company 99.999 percent cadmium, and the oxide 
film was made by immersing the specimen in a 0.1M Cd NO; 
solution for 30 minutes. Preliminary results indicate that the 
oxide film results in a much more rapid rise in internal friction 
with increase in vibration amplitude, particularly in the range 
of amplitude in which an increase in internal friction is pro- 
duced by the measurement. When the oxide film is removed 
and the crystal is allowed to recover for several hours, the 
internal friction behavior returns to that observed before 
oxidation. It will be pointed out that this result makes it 
impossible to ascribe the effect of oxide films on plastic proper- 
ties simply to an inhibiting effect on dislocation formation at 
the specimen surface. 

* This work supported by the ONR. 

1E. N. DaC. Andrade, Nature 164, 536 (1949), 

2S. Harper and A. H. Cottrell, Proc. Phys. Soc. (London) Sec. B 331 


(1950). 
*T. A, Read, Phys. Rev. 58, 371 (1940). 


X12. On a Mechanism Causing a Logarithmic Scale Growth. 
I. J. Epstein ano K. Lenovec, Signal Corps Engineering 
Laboratories—The rate of growth of a scale on a metal is 
investigated under the following assumptions: (1) The rate 
determing step is the diffusion of metal ions through the scale. 
(2) The equilibrium concentration of electrons in the scale is 
low compared with that of the diffusing metal ions. Under 
these conditions there arises a space charge in the scale from 
the diffusing ions which together with the image charge on the 
metal gives a potential hindering the movement of the ions. 
This causes the growth to change from the well-known para- 
bolic law which holds in the initial phases of growth to a 
logarithmic law: 


d=1.2XdoIn[ (t/t) +1] (for O>t0), 


where d is the thickness of the scale, ¢ is the time, to = 2e«o 
Neebv and dy=(2eeokT/ Noe*)* [eo = 8.86 X10-" amp sec/volt 
cm, k Boltzmann constant, ¢ elementary charge, ¢ dielectric 
constant, v volume of a scale molecule, No concentration of 
metal ions in the scale at the metal boundary, 6 ionic mobility 
in the scale ]. 


SATURDAY AFTERNOON AT 2:00 
Pupin 301 


(Hy:C. 


TORREY presiding) 


Mostly Magnetic Resonance and Nuclear Magnetic Moments 


Yi. The Microwave Faraday Effect. G. F. HuLt, Jr. AND 
R. G. Barnes, Dartmouth College.*—The microwave analog 
of the Faraday effect has been found experimentally at wave- 
lengths in the 3-cm region.’ Materials which exhibit this effect 
are paramagnetic salts MnCl,.4H,O and MnSO,.H,O. For 
these salts the Faraday rotation has been measured from 7850 
to 9800 Mc and for various values of magnetic field up to 1350 
gauss. The equation for the Faraday effect @= RLH, where @ 
is the angular rotation of the plane of polarization, L the path 
length, H the magnetic field, and R the Verdet constant, is 
found to be valid. The average value of the Verdet constant 
for MnSO,.H,0 is 0.93 X 10-* min per cm gauss, and 3.46 x 10-* 
min per cm gauss for MnCl,.4H,0. Variation in the Verdet 
constant with frequency has been found for both salts. Meas- 
urements have also been made of the dielectric constant and 


permeability of MnCl,.4H,O over the same frequency band. 
From these values the index of refraction can be obtained. The 
variation of index of refraction can then be compared with the 
variation found theoretically from the Faraday effect meas- 
urements. 


* Assisted by the ON 
1M. C, Wilson and S F. Hull, Jr., 


Phys. Rev. 74, 711 (1948). 


Y2. The Magnetic Moment of %Tc. Kart G. KeEssLer 
AND WILLIAM F. Meccers, National Bureau of Standards.— 
The hyperfine structure of the 30 strongest lines of Tc in the 
wavelength region 2900 to 5000A has been investigated with a 
Fabry-Perot interferometer and prism spectrograph. The 2.1 
mg sample! of {Tc was excited in a liquid-nitrogen-cooled 
beryllium hollow cathode discharge tube filled with helium 
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gas at about 1 mm pressure. A nuclear spin of 9/2h has been de- 
termined for this isotope.? The magnetic moment of the nucleus 
has been calculated from the splitting of the 4d* (§D) 5s *D 
terms in the Tc I spectrum. Calculations using the Goudsmit- 
Fermi-Segré formula** yield a value of 5.2+0.5 nuclear mag- 
netons for the magnetic moment. Additional corrections for 
the effect of the mass of, and charge distribution in, the nu- 
cleus* may increase this value 10 to 20 percent, thereby ap- 
proaching the theoretical Schmidt limit* of 6.79 nm for a 
°Gore state. 

1 Loaned by the AEC. 

2K. G. Kessler and W. F. Meggers, He hy Rev. 80 (to be published). 

3S. Goudsmit, ae Rev. 43, 636 (19. 

*E. Fermi and E. Segré, Z. Physik 3° ts (1933). 


‘ M. F. Crawford and A. L. Schawlow, Phys. Rev. 76, 1310 (1949), 
* Th. Schmidt, Z. Physik 106, 358 (1937). 


Y3. The Paramagnetic Spectrum of Ammonium Chrome 
Alum.* Artuur F. Kip, R. MALvano,f AND CHARLEs F. 
Davis, M.I.T.—A dynamic method' has been used to in- 
vestigate the paramagnetic resonance spectrum of ammonium 
chrome alum single crystals below the sharp transition which 
occurs at about 80°K.? A fraction of the usual static magnetic 
field is 60-cycle modulated, and variation in the paramagnetic 
absorption with applied field is observed on a CRO. Micro- 
waves in the 1- and 3-cm range have been used. Below the 
transition, the simple theory of Weiss’ cannot be used. Difficul- 
ties include the presence of at least two Stark splittings,‘ and 
probably one other; and a large displacement of certain lines 
from their expected positions. Measurements at various angles 
determine which lines correspond to which ion in the unit cell. 
In this chrome alum as well as in all others tested, low in- 
tensity lines reported earlier! are found and are identified as 
due to forbidden transitions in which Am# +1. 

* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and ONR. 

+ While on an Italian National Research Fellowship, aided by the Ful- 
—— Fund. 

. Malvano and M. Panetti, Phys. Rev. 78, 826 (1950). 
2 B Bleaney and R. P. Penrose, Proc. Phys. Soc. 60, 395 (1948). 


2P. R. Weiss, Phys. Rev. 73, 470 (1948). 
4B. Bleaney, Phys. Rev. 75, 1961 (1949). 


Y4. The Microwave Spectrum of Ammonium Chrome Alum. 
JULIAN EISENSTEIN, University of Wisconsin.—Problems in- 
volved in the theoretical interpretation of the experimental 
results of Kip, Malvano, and Davis will be discussed. Features 
of the spectrum which are not well understood are the non- 
uniform spacing of certain lines and the existence, below the 
transition temperature, of several different zero-field splittings. 
The following hypotheses for explaining these features must 
probably be rejected: existence of small crystalline fields of 
rhombic symmetry, magnetostriction, local field effects, and 
inversion of the level scheme. 


Y5. Theory of Paramagnetic Resonance Line Breadths in 
Diluted Crystals. P. W. ANDERSON, Bell Telephone Labora- 
tories—It is shown that Margenau’s “statistical theory” of 
line broadening! applies approximately to spin-spin broaden- 
ing in diluted paramagnetic crystals. Contrary to a current 
argument, the line breadth varies directly as the concentra- 
tion, while the center intensity does not vary greatly with 
concentration. The line shape in the limit of low concentration 
is dispersion type. An extension of Margenau’s work to the 
problem in which there is a minimum distance of perturbers 
from the absorbing atom indicates that the center intensity 
probably varies as (1+c), where c is the fractional concentra- 
tion; this agrees fairly well with Van Vleck’s results? which are 
valid at concentration 1, since the ratio of center intensity as 
c—0 to that obtained by Van Vleck is about 1:2.24. It is 
concluded that experimental results of various laboratories 
indicating a falling-off of intensity with concentration must 
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be explained on the basis of other mechanisms, such as spin- 
lattice interaction or exchange effects. 


1H. Margenau, Revs. Modern Phys. 8, 22 (1935). 
2J. H. Van Vieck, Phys. Rev. 74, 1168 (1948). 


Y6. Theory of Magnetic Resonance in N'°O'*.* Maurice 
KARNAUGH AND HENRY MARGENAU, Yale University.—The 
methods of Margenau and Henry? have been applied, with 
slight modifications, to the calculation of the magnetic reso- 
nance spectrum of the lowest state of N'5O!*. This yields a 
symmetric six-line spectrum arranged in three hyperfine 
doublets. Values of the applied magnetic field for the reso- 
nances corresponding to the six transitions (AM;=0, AM, =1) 
at the fixed microwave operating frequency have been calcu- 
lated. These values agree with the microwave absorption 
data of R. Beringer and J. G. Castle, Jr. (unpublished) to 
within 0.07 percent. The calculated separations of the doublet 
components lie within the range of experimental error. Com- 
parison of the coupling energy of the nuclear and orbital 
magnetic moments in N“O"* and N'40! is consistent with the 
ratio of the magnetic moments of the nuclei of the two nitrogen 
isotopes as obtained by the nuclear magnetic resonance 
method.* 


* This work is supported by the ONR. 

1H. Margenau and A. Henry, Phys. Rev. 78, 587 (1950). 
2A. Henry, Phys. Rev. 80, 549 (1950). 

3 W. G. Proctor and F, C. Yu, Phys. Rev. 77, 716 (1950). 


Y7. Electron-Nuclear Interactions in Paramagnetic Ions. 
E. F. Carr anp C. Kixucui, Michigan State College—The 
invariance requirement leads to the expression 


—o,b-T+es {3h 58° Ss tugs s}- a:8-I 


for the electron-nuclear interaction potential. In the case of 
atomic hfs, where J is a good quantum number, the interac- 
tion potential reduces to ayI- J, and experiment gives only the 
effective coupling constant ay. For a paramagnetic ion in a 
crystal, however, the magnitudes of two of the coupling con- 
stants can be evaluated from the experimental data, provided 
a suitable value is assumed for the third constant. The coup- 
ling constants for the Cu*+* ion have been evaluated for vari- 
ous values of the third constant, using Ingram’s value! 
Av;/Avy =8.3. These constants will be compared with the 
spectroscopic value. Also their relation to the nuclear specific 
heat* will be discussed. 
1D. J. E. Ingram, Proc. Phys. Soc. A62, 664 (1949). 


2R. J. Benzie and A. H. Cooke, Nature 164, 837 (1949); also J. A. Brink- 
man, Master's thesis, Michigan State College, for the theoretical analysis. 


Y8. Dependence of the Magnetic Shielding of Nuclei 
Upon Molecular Orientation. N. F. Ramsey,* Harvard Uni- 
versity.—The theory! of the magnetic shielding of nuclei in 
molecules has been extended to determine the dependence of 
the magnetic shielding upon the rotational magnetic quantum 
number of the molecule. With the previous notation! and 
with the subscripts of ¢ indicating the molecular magnetic 
quantum number, it is found for diatomic molecules in the 
first rotational state that 


e ( 32-97? 
= Toma? rs ° 


The second term of this expression can be evaluated as in the 
earlier theory.' In principle, ¢4:1—¢0 can be determined ex- 
perimentally from molecular beam measurements. A measure- 
ment of this difference in shielding therefore determines the 
average value of (32*—r*)/r* which should provide a check on 
the electronic wave function used in calculating the similar 
though different quantity (32*—r*)/r> that is used in deter- 
mining the quadrupole moment of the deuteron. 


)— seat aay] (2eex_ H, 
Ia MJ 


Biss Rake Sun 


* Work partially supported by joint program of ONR and AEC, 
1N. F. Ramsey, Phys. Rev. 78. 699 (1950), 
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Y9. An Improved rf Spectrometer: g-Factor Ratios Li’/Li* 
and Cl**/Cl*7, G. D. WatxKins AND R. V. Pounp, Harvard 
University.—A radiofrequency spectrometer of improved noise 
figure, similar in principal to one previously described,' has 
been developed. The cathode-coupled 6J6 oscillator is re- 
tained but the tank is decoupled from the plate by a resistance 
equal to the resonance impedance of the tank, and a resistance- 
loaded ‘‘plate”’ choke is placed in the cathode return. (The 
first prevents loading of the tank by the tube, the second 
reduces shot current noise.) A broad band rf amplifier and 
delayed level stabilization are used. A modulated electronic 
resistance supplies an artificial “absorption” for absolute 
calibration. The noise figure, measured at 3 Mc by using this 
calibrator, is the ideal 2 at low oscillation levels. It rises with 
level becoming 7 at 0.5 volt rms measured at the tank, and 
above this rises as the square of the level. With this spec- 
trometer, the nuclear g-factor ratio of Li? to Li‘ was measured 
in an aqueous solution of normal abundance LiCl and found 
to be 2.64091+0.00001. The nuclear g-factor ratio of Cl** to 
Cl" in the same solution was measured to be 1.2013+.0.0001. 


1R. V. Pound and W. D. Knight, Rev. Sci. Instr. 21, 219 (1950). 


Y10. Nuclear Magnetic Moment Ratios of Isotopic Pairs.* 
N. I. Apas, III, T. F. Wiett, aANnp F. Bitter, M.I.T.— 
In view of the importance of accurate determinations of the 
nuclear moments of isotopic pairs,!~* apparatus has been 
assembled to extend the range and possibly the precision of 
such measurements. These include: Helmholtz coils producing 
fields up to 2000 gauss; a new barrel-type electromagnet‘ with 
usable fields up to 30,000 gauss; stable null circuits; and special 
“phase lock-in” oscillator circuits’ which generate the two 
resonance radiofrequencies from harmonics and subharmonics 
of a single stable crystal oscillator. The fields in these magnets 
are sufficiently well controlled so that with the stable circuits 
developed, the structure of very narrow lines can be studied 
in detail. A preliminary result for the rubidium isotopes is 
Rb*7/Rb* = 2.033380+0.000028 which is in agreement with 
previous less accurate determinations.' 

* This work has been supported in part by the Signal Corps, the Air 
Materiel Command, and ONR. 

1A. Bohr, Phys. Rev. 73, 1109 (1948). 

2F, Bitter, Aaa Rev. 76, 150 (1949). 

+A. Bohr and V. F. Weisskopf, Phys. Rev. 77, 94 (1950), 


‘F. Bitter, R. L. E. Quarterly Progress Report, M.I.T. p. 37, July, 1950. 
5 L. F. Koerner, Bell Labs Record, February, 1950. 


Y11. Integral Relationships Among Nuclear Magnetic 
Moments. Enos E. Witmer, University of Pennsylvania.— 
The ratio »/up has been determined now for a large number of 
nuclei to a high degree of precision. Using these values and 
correcting for diamagnetism, it is found that in most cases 
u=kC, where C is a constant and & is an integer, which is 
1876 for the proton. Thus the values for m', H', H*, H’, Be’, 
B", F*, P%!, K®, and Sc** are in reasonable accord with this 
formula. The correction for diamagnetism was made by the 
formula H,'/H=0.259 x 10-*Z“3. Evaluating the constant C 
gives apparently p=k(1161)(1—a/27) uy. 


Y12. Ratio of Quadrupole Moments of Cl** and Cl*’.* 
R. GuntHEerR-Monr, S. GEsSCHWIND, AND C. H. Townes, 
Columbia University—Recent measurements of the ratio of 
the quadrupole moments of Cl** and of Cl*? by several ob- 
servers using different methods are in disagreement by 
amounts considerably outside the limits of the quoted experi- 
mental errors. Because of these uncertainties we have re- 
determined the ratio egQ(Cl**) /egQ(Cl*") from the microwave 
spectra of CH;Cl, CICN, and GeH;Cl. The coupling ratio for 
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CH;Cl was 1.2691+0.0003, for CICN was 1.2682+0.0006 and 
for GeH;Cl was 1.2670+0.0005. It seems clear that the ap- 
parent ratio of quadrupole coupling constants of the two Cl 
isotopes depends slightly on the molecular environment. The 
two molecular effects which might change the apparent quad- 
rupole couplings from one molecule to another are the pseudo- 
quadrupole effect of Foley and the variation of zero point 
vibration with isotopic mass. Reasonable estimates indicate 
that these effects are much too small to account for the ob- 
served change. A likely explanation of the change in quad- 
rupole coupling ratios with molecular environment is that an 
anisotopic polarization of the Cl nuclei occurs in the molecular 
electric fields, giving rise to an anisotropic polarization energy 
which depends in the same way on the angular momentum 
quantum numbers as does the quadrupole energy itself. The 
ocrresponding polarization coupling constant is 


de(a,—a,){ owtte= 1), 


which depends on the molecular environment in a different 
manner than egQ. Estimates of this effect which are subject 
to large possible uncértainties also gave a value smaller than 
that measured. 


* Work supported jointly by the Signal Corps and ONR. 


Y13. Nuclear Electric Quadrupole Splitting in Crystalline I,.* 
R. V. Pounp, Harvard University.—Resonant absorption of 
rf magnetic energy occurs in I», with no applied static mag- 
netic field, because of interaction between the nuclear electric 
quadrupole moment of I'*7 and the crystalline and molecular 
electric field gradient. The resonances of polycrystalline sam- 
ples can be broadened, and consequently reduced in intensity, 
by the application of a magnetic field. Apparatus previously 
described! has been modified to obtain improved sensitivity 
through detection of an audiofrequency component in the 
cavity output resulting when a magnetic field is applied period- 
ically. The two resonances, +5/2¢%+3/2 and+3/2«>+1/2, 
reported by Dehmelt? have been observed at temperatures 
from 300° to 4°K. The higher line moves from 644.4 to 642.8 
Mc whereas the lower one goes from 331.3 to 334.0 Mc, both 
with decreasing temperature. The breadths increase, from 
about 35 and 45 ke at 300°K, with decreasing temperature, 
but at 4°K the relaxation time 7; is of the order of seconds. 
The broadening at low temperatures is apparently caused by 
strains in the sample and depends upon its preparation and 
past history. 


* Sup 


ed in part 9 the joint program of the ONR and AEC. 
1R. V. Pound, Phys. Rev. 79, 685 (1950). 
1H. G. Dehmelt, Naturwiss. 17, 398 (1950). 


Y14. Investigation of Nuclear Effects in Paramagnetic 
Salts at Low Temperatures. STEPHEN MALAKER, Oak Ridge 
National Laboratory.—Several ions of the iron group possess a 
nuclear spin by virtue of which they have a magnetic moment. 
The hyperfine structure coupling of this nuclear magnetic 
moment with the magnetic moment of the electron cloud gives 
rise to a Schottky specific heat anomaly at about 0.1 degree K. 
in the region where the specific heat goes at T to the —2 one 
can make specific heat measurements by an ac bridge method 
without recourse to calorimetry. A single crystal of cobalt 
ammonium sulfate hexahydrate has been studied and the 
results show that the nuclear specific heat of CO (divalent) is 
of the order calculated from microwave absorption measure- 
ments. 
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SATURDAY AFTERNOON AT 2:15 


Havemeyer 309 


(JAMES RAINWATER presiding) 


Neutrons; Nuclear Masses 


Z1. Coherent Neutron-Proton Scattering by Liquid Mirror 
Reflection.* G. R. Rrinco anp M. T. Burcy, Argonne Na- 
tional Laboratory AND D. J. HuGues, Brookhaven National 
Laboratory.—A measurement of the coherent neutron-proton 
scattering amplitude, utilizing total reflection of slow neutrons 
from a liquid hydrocarbon, has been reported.' As the result 
(—3.75+.03 x 10-" cm) was significantly different from exist- 
ing values, the measurement was repeated with a series of 
liquids and at several neutron wavelengths in order to in- 
vestigate systematic errors. The repetitions? showed no dis- 
agreement with the original value and indicated that the 
accuracy of the method could be increased. Final measure- 
ments have now been made utilizing a series of carefully puri- 
field hydrocarbon liquids, and a method in which no measure- 
ment of neutron wavelength is necessary. The ratio of the 
amplitude of hydrogen to that of carbon has been determined 
to 0.3 percent and the final value of the hydrogen amplitude, 
including the error (0.5 percent) in the carbon amplitude,’ 
is (—3.78+0.02)X10-" cm (standard error). This value is 
the weighted average of the results obtained with purified 
liquids. 


* Under contract with the AEC. 

1 Hughes, Burgy, and Ringo, Phys. Rev. 77, 291 oma 

? Hughes, Burgy, and Ringo, Phys. Rev. 79, 227 (1950). 

Havens and L. J. Rainwater, Phys. Rev. 75, 1296 (1950). 


sw. W. 


Z2. Coherent Neutron Scattering from Gases.* A. W. 
McREyYNoLps AND G. W. JoHNSON, Brookhaven National 
Laboratory.—Neutron coherent scattering lengths for gases 
have been determined by measurement of the index of refrac- 
tion using a total reflection method. Well-collimated neutron 
beams from the Oak Ridge and Brookhaven reactors were 
reflected from surfaces of aluminum, Lucite, and ethylene 
glycols at angles of 2 to 5 minutes. Pressures of surrounding 
Oz, No, He, or A were varied from 1 to 150 atmospheres, and 
neutron indices of refraction of the gases relative to the mirror 
and to each other determined from variation of reflected in- 
tensity with pressure. The results for oxygen were in good 
enough agreement with the value 4.2 barns from diffraction 
measurements on solid oxides to verify that the same cross- 
section is derived from refraction in gases, although atomic 
binding differs. The cross section of nitrogen was found to be 
around 10 barns, compared to 4.6 barns (coherent) from 
diffraction results. Phase of scattering was positive for all 
four gases. 


* Under contract with the AEC. 


Z3. The Scattering of Fast Neutrons by Bismuth and Lead. 
C. E. MANDEVILLE AND C. P. Swann, Bartol Research Founda- 
tion.—Scatterers of bismuth and lead have been irradiated by 
monoenergic fast neutrons of energy 4.3-Mev, produced by 
the deuteron-deuterium reaction in the Bartol Van de Graaff 
statitron. Scattered neutrons, elastic and inelastic, were ob- 
served by the méthod of recoil protons and photographic 
plates. Five thousand acceptable recoils were noted in 50,000 
fields of view, examined in binocular microscopes. No neutrons 
appear to be inelastically scattered by Bi®. If any inelasti- 
cally scattered neutrons are present in the bismuth data, 
they must not exceed by more than ten percent the intensity 
of the elastic group. Two inelastically scattered groups appear 
in the lead data, corresponding to nuclear energy levels at 
~1.3 Mev and ~3.3 Mev in naturally occurring lead. The 


inelastic cross section in lead for neutrons at 4.3 Mev is less 
than one-half the elastic cross section. Alternative interpreta- 
tions of the data for lead will be discussed. 


Z4. Neutron Scattering in the Resonance Region, II.* 
J. Titrman, C. SHEER, W. W. Havens, JR., AND L. J. Ran- 
WATER, Columbia University.t—The slow neutron scattering 
chamber previously described! has been further developed, 
and used to measure the ratio of scattering to total cross sec- 
tion of gold in the low energy region as a function of neutron 
energy. The method utilizes “infinitely” thick targets, the 
scattering from which—for the geometry used—can be shown 
to be described essentially by a power series in (¢,/o;), pro- 
vided (¢,/0:)50.5 (where o,=scattering cross section and 
o*=09,+0,-= total cross section). The measurements are made 
by taking ratios of the scattered counts from the unknown 
(gold) target to that of a carbon reference target and com- 
paring to a similar ratio using a standard target in place of 
the gold. Thick targets of NizB and B.O; were used for the 
latter and serve to calibrate the instrument since their cross 
sections are independently known. Detailed measurements on 
the 4.87-ev gold resonance have been completed and excellent 
agreement between the theoretical Breit-Wigner one-level 
formulas and the experimental curve of (¢./o:)au has been 
obtained. These results in addition to the previously measured 
values of o.o.T? and the self-indication cross section for gold! 
yield the following parameters for the 4.87-ev excited level 
of Au’; 


J j To “pot *pot 
(nonresonant (resonant spin 
spin state) state) 


1 0.172 ev 0.0211 ev 10.6 barns 13.3 barns 


* Tittman, Sheer, Rainwater, and Havens, Phys. Rev. 77, 748 (1950) 
will be referred to as I. 

+t This work was supported in part by the AEC. 

1 QO. Frisch, K. Danske Vidensk, Selsk. 14, No. 12 (1937); M. Goldhaber, 
private communication. 


Z5. Neutron Scattering in the Resonance Region, III. 
C. SHeer, J. TitrMan, W. W. Havens, JR., AND L. J. Ratn- 
WATER, Columbia University.—An extension of the slow neu- 
tron scattering measurements on gold, as previously reported,' 
into regions of higher energy, has been carried out. Results of 
these scattering measurements between 30 ev and 500 ev will 
be reported and compared with transmission data in the same 
region. Since the cross section of gold in this region is quite 
low, a thick target is geometrically unfeasible and hence 
accurate determinations of ¢,/o0; by this method is impractical. 
However, the ratio of counts scattered from the gold target 
to that scattered from a carbon reference target, which is 
roughly proportional to ¢,/o:, will be shown. These measure- 
ments indicate that this method is quite sensitive in locating 
weak levels which have an appreciable percentage of capture. 
For example, strong dips in the curve of o,/o; vs energy have 
been found at 75 ev and 300 ev indicating the presence of 
levels which are so weak that their presence is barely sug- 
gested by the transmission curve. The measurement of neu- 
tron scattering from silver by this method has been started. 
Preliminary results for the 5.1-ev and 16-ev resonances will 
be presented. 


1 Tittman, Sheer, Rainwater, and Havens, Phys. Rev. 77. 748 (1950) and 
preceding paper. 
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Z6. Slow-Neutron Resonance Levels in Separated Tung- 
sten Isotopes. W. SELOvE,* Argonne National Laboratory.— 
The transmission of separated tungsten isotopes has been 
measured for slow neutrons in the resonance region, with 
resolution of a few percent up to 50 or 100 ev, and, with 
rapidly worsening resolution, up into the kev region. Three of 
the four major isotopes have been investigated—182, 183, and 
186. The results show level spacings of the order of 10 to 30 ev 
in 182, 20 ev in 183, and several hundred ev in 186. These 
results will be discussed in relation to various factors concern- 
ing level densities. 


* Now at Harvard University. 


Z7. Interaction of Neutrons with Electrons in Liquid 
Bismuth. W. W. Havens, Jr., L. J. RAINWATER, AND I. I. 
Rast, Columbia University.—The neutron electron interaction 
has been determined by measuring the cross section of liquid 
bismuth as a function of neutron wavelength. This cross sec- 
tion decreases by 3 percent between 0.33A and 1.33A. The 
change in cross section is caused by (a) neutron capture, (b) 
liquid scattering, (c) relative velocity effect, (d) neutron elec- 
tron interaction. The spin dependent scattering is small 
because the total cross section of solid Bi is less than 0.5 barn 
at 5.5A. The capture cross section of this Bi is 0.035 barn at 
0.026 ev, determined by the pile oscillator. The relative ve- 
locity correction is 0.011X*. The liquid effect was investigated 
by Placzek, Nyboer, and Van Hove, who proved that the type 
of structure did not alter the liquid effect a great deal. The 
liquid correction used was 0.095\*. After applying these cor- 
rections the residual change was attributed to the neutron 
electron interaction. The neutron electron cross section can 
be expressed in terms of the Born approximation by giving 
an interaction potential V acting over a volume r. Assuming 
7 aspherical volume of radius 2.8 X 10-" cm, V is (5300+ 1000) 
ev. An uncertainty of 650 ev is due to statistical consideration, 
the additional uncertainty being due to the uncertainty in the 
corrections applied. 


Z8. Thermal Neutron Transport in Water. FRANK J. Sisk* 
AND Epwarp C. CAMPBELL, Oak Ridge National Laboratory.— 
To obtain appropriate values for the thermal neutron trans- 
port parameters for water, a detailed experimental study was 
made of the one-dimensional flux near a black (cadmium) 
plane. The situation was realized experimentally in the large 
water tank surmounting the thermal column of the Oak 
Ridge Graphite Reactor. The flux distribution was determined 
by activation of small thin In foils spaced axially below a 
cadmium disk. In each run two of the foils were exposed at 
constant location for monitoring. By solving the transport 
integral equation for this problem by the method of numerical 
iteration, an excellent representation of the experimental 
data is obtained with the following values of the transport 
parameters: diffusion length, 2.67+0.02 cm; transport cross 
section, 75+3 barns per H,0 molecule; absorption cross 
section, 0.57+0.02 barn per molecule. The measured neutron 
flux at the Cd plane was found to be 18.6 percent of the extra- 
polated asymptotic flux at the plane. 


* United States Naval Post Graduate School. 


Z9. Thermal Neutron Time-of-Flight Velocity Selector. 
F. G. P. Semr, H. Pavevsky, R. F. RANDALL, AND W. 
THORNE,* Brookhaven National Laboratory.t—An instrument 
similar to the Argonne ‘“‘chopper”’ has been put in operation 
to separate thermal neutrons from the Brookhaven pile ac- 
cording to their times of flight between a shutter and a detector 
consisting of one or more BF, counters. The associated equip- 
ment includes a circuit to introduce a time delay (1 to 16 
millisec) between the closing of the shutter and actuation of 
the gating circuits which consecutively open and close twelve 
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recording channels. Means are provided to collimate and 
monitor the incident beam and for testing the circuits. Special 
features are: (1) The shutter design prevents the slowest 
neutrons of one burst from arriving in the detector simul- 
taneously with the fastest neutrons of the following burst. 
(2) Each recording channel feeds a scaler of high-resolution 
which eliminates dead-time corrections at large counting 
rates. A time-of-flight resolution, i.e. (tmax—tmin)/tw, of 5 
usec/m is available from ~0.2 ev to below 0.001 ev. Slides will 
be presented illustrating details of construction and the per- 
formance. 


* Member of the firm Thorne-Brown Company, Westport, Connecticut. 
t Under contract with the AEC. 


Z10. Inelastic Scattering of Low Energy Neutrons in 
Graphite.* G. W. Jounson, H. PaLEvsky, AND D. J. HUGHEs, 
Brookhaven National Laboratory.—The velocity selector de- 
scribed in the preceding abstract was used to measure the 
inelastic cross section in graphite. The measurements were 
made with wavelengths longer than the Bragg cutoff (6.7A) 
to avoid coherent scattering. Graphite is suited for checking 
the existing inelastic scattering theories as it exhibits no spin 
dependent scattering and the isotopic incoherence is negligible. 
In addition the correction for neutron capture is small. For 
room temperature graphite the cross section was measured 
as 0.8 barn at 7A. In the range 7 to 11A the cross section was 
proportional to wavelength. The room temperature value, as 
well as the wavelength dependence of the cross section, is in 
agreement with the theory of J. Pomeranchuk and A. Akhieser' 
and D. Kleinman.? The temperature dependence of the cross 
section is now under investigation. 

* Under contract with the AEC. 
ean Akhieser and J. Pomeranchuk, J. Exp. Theor. Phys. USSR 17, 770 


2 D. Kleinman, Chicago poate fates Meeting, Nov. 1950, Paper V8 
Bu Il. Am, Phys. Soc. 25, No. 5, 38 (19. 


Z11. Analysis of Neutron Capture Gamma-Radiation 
Spectra in Heavy Elements. J. Davip Jackson, McGill 
University, AND B. B. Kinsey, National Research Council, 
Chalk River—The spectrum of gamma-radiation from slow 
neutron capture has been observed for a number of heavy 
elements (A>70) with a coincidence pair spectrometer.' 
These spectra have been analyzed in terms of the evaporation 
model of the nucleus. In general, the spectra are in excellent 
qualitative agreement with the evaporation theory, having 
peaked distributions with the maximum at relati vely low 
energies (in some cases below the experimental cutoff of about 
2.5 Mev). The level densities implied by these spe“tra are, 
on the whole, in accord with the predictions of a nucle*r model 
such as a modified Fermi-Dirac gas. However, near N=5S0, 
126, the observed spectra change character markedly, having 
distributions which peak at relatively high energies. This 
means that the level densities are greatly decreased from 
“normal” values. On the shell model this decreased level 
density is to be expected because of the great reduction in the 
number of degrees of freedom of motion within the nucleus 
that occurs st the closed shells. Experimental data are not 
available at present for N82, but at Z=50 there is no 
evidence for a departure from the normal evaporation model, 
despite the closed proton shell. 


1 Kinsey, Bartholomew, and Walker, Phys. Rev. 77, 723 (1950); 
481 (1950). 


78, 77, 


Z12. Mass Difference of Rubidium and Potassium Iso- 
topes.* E. E. Hays, P. I. Ricnarps, anp S. A. Goupsmir, 
Brookhaven National Laboratory—The magnetic time-of- 
flight mass -spectrograph, based on principles described 
previously,' has been assembled. The magnet used is on loan 
from the Westinghouse Research Laboratories. It was de- 
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signed several years ago by E. U. Condon and J. A. Hipple 
and produces a homogeneous field inside a sphere of 19” 
diameter. Ions from a pulsed ion source move in a helix of 
about 12.5-cm radius and 12.5-cm height. An electron multi- 
plier ion detector was specially designed by L. G. Smith. A 
timer, using the general principles of Loran equipment was 
built by the Elecironics Division of our Laboratory. Up to 
six revolutions can be measured with accuracy. The total time 
is about 400 usec for K, and 850 usec for Rb. By pulse-match- 
ing this can be measured to .01 ysec which represents 1 milli- 
mass unit. Precision measurements have not yet been possible 
because of the occurrence of small surface potentials, but it is 
expected that methods may be developed to correct for their 
effects. The differences between neighboring masses are not 
affected by the perturbing electric fields. Preliminary results 
indicate that the mass difference between Rb® and Rb*’ is 
1.999, and between K*®* and K* it is 2.000, with an uncertainty 
slightly over 1 millimass unit. 


* Research curled out at Brookhaven National Laboratory, under the 


auspices of the A 
A. Goudsmit, Phys. Rev. 74, 622-623 (1948). 
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Z13. Microwave Study of Silicon and Sulfur Masses.* 
S. GESCHWIND AND R. G. GuNTHER-Monr, Columbia Uni- 
versity—From the absolute frequencies of the J=1—2 
transition in O'%C"S, corresponding to S®, S*, and S*, which 
were measured to an accuracy of 5 ke or better, the mass 
difference ratio S*—S®/S*—S*® was calculated, neglecting 
zero-point vibrations, and was found to be S¥—S*®/S*—S® 
=0.500714+0.00003. This is to be compared with Davisson’s! 
value of 0.50060+-0.00008 obtained from nuclear reactions. 
Similarly, the mass difference ratio Si**—Si**/Si#*—Si** was 
determined from the isotopic shift in the J = 1-+2 transition in 
SiH;CI*5, and was found to be Si*®*—Si**/Si#®—Si?*=0.49941 
+0.00005. This is very good agreement with the value 
0.499341+0.00006, obtained by Duckworth, ef al.,2* from 
mass spectrometer experiments. The agreement between the 
two sets of results justifies an earlier estimate of the outside 
limit of the error introduced by neglecting zero-point vibra- 
tions. 

* Work supported by the Signal Corps aot the ONR. 

1P. W. Davisson, Phys. Rev. 75, 757 (1949). 


? Duckworth, Preston, and Woodcock, Phys. ae 79, 188 (1950). 
5 Duckworth and Preston, Phys. Rev. 79, 402 (1950). 


Errata Pertaining to Papers A4, C11, IA3, IA6, K14, L7, N9, Q4, 
S1, S11, $14, T2, V1, X1, Y11, and Z4 


A4, by Author Unknown. Instead of Author Unknown read 
Martin J. Swetnick, New York University. 

Cll, by James Terrell. In the title N' should read N". 
In footnote 1, Phys. Rev. (to be published) should read 
Phys. Rev. 80, 1076 (1950). 

IA3, by Frank L. Hereford. In lines 5 and 6, Increases up to 
200 volts should read Increases up to 20 volts. In lines 10 and 
11, increased positive ion space charge field should read 
decreased positive ion space charge field. 

IA6, by R. Braunstein adn. J. W. Trischka. A footnote * 
should be added reading, Assisted by the ONR. In lines 9 
and 10, with a diode containing and plates at positive, should 
read, with a diode containing end plates at positive. 

K14, by Jerome Rothstein. In line 16, casual anomalies 
should read causal anomalies. In line 26, casuality should 
read causality. 

L7, by R. G. Luce and J. W. Trischka. A footnote * should 
be added reading, Assisted by the ONR. In line 12, The 
breadth of the lines made it possible, should read, The breadth 
of the lines made it impossible. 

N9, by H. S. Thomas. A footnote * should be added reading, 
Associated with Tung-Sol Lamp Works, Inc. 

Q4, by H. R. Johnson, J. G. Ingersoll, and M. W. P. 
Strandberg. The title should read, Microwave Spectrum of 
Ketene.*+ H. R. Jonnson, J. G. INGERSOLL, AND J. W. P 
STRANDBERG, M.J.7., AND J. H. GotpstEtn, Harvard Univer- 


sity. Footnote ¢ should read, Preliminary work has been pub- 
lished by Bak, Knudsen, Madsen, Raestrup, and Anderson, 
Phys. Rev. 79, 190 (L) (1950). Footnotef should read, Now 
at Emory University, Georgia. 

$1, by Kenneth G. McKay. In line 3, use should read used. 
In reference 1, J. G. McKay should read K. G. McKay. 

$11, by J. C. M. Brentano and E. M. Nakaji. A footnote * 
should be added reading, This paper has been withdrawn 
before the Meeting, but could not be taken out of the text for 
technical reasons. The results as given are affected by contact 
potentials and circuit characteristics. Further experiments are 
in progress. 

$14, by Rolf W. Landauer. In line 14, 3X 10~ should read 
3X10-. In line 14, 200 should read 20. 

T2, by L. Yaffe and F. Brown. In line 2, 
P*2(n,7)P® should read, the reaction P®(n,7~)P* 

V1, by Helen M. Friedman and James Rainwater. In line 20, 
x —p events our of, should read, r—e events out of. 

X1, by Irvin Isenberg. The next to the last sentence should 
read, The two second derivatives are positive and roughly 
equal while the first derivative is quite small. 

Y11, by Enos E. Witmer. In the last line, u=k(11X61) 
(1—a/2x)uy, should read, »=[k/(11X61)] (1 —a/2m) uy. 

Z4, by J. Tittman, C. Sheer, W. M. Havens, Jr., and L. J. 
Rainwater. In line 4, previously described,! should read, 
previously described (1). In line 11, ---o7=0,+0-:--, should 
read, -+:o,=o.+0"°* 


the reaction 





AUTHOR INDEX 


Author Index to Papers Presented at the Annual Meeting 


Accardo, C., E. Jamgochian, and K. Lehovec—S7 
sp gs F. Wimett, and F. Bitter—Y10 
E., E. der Mateosian, M. Goldhaber, and S. Katcoff—TS 
J. W. McWhirter, and C. F. Squire—R1! 
2 





er, PB 
bag 


—U 
and R. C. Herman—BS5 
le, Pet A. L. Schawlow—Q7 
Anderson, James L., Peter G. Bergmann, and Robert Penfield—K10 
Anderson, P. W.—Y5 


Barbour, Ian and Lawrence Greene—EA11 

Bardeen, J.—U3 

Bartlett, A. A. and K. T. Bainbridge—17 

Benedict, W. S., Earle K. Plyler, and Curtis J. Humphreys—W3 
Bennett, W. H.—F3 

Benson, James M.—GAI16 

Bergmann, Peter G.—K1i2 


Beth, Richard A. and Angus F. Bond—W10 
Bethe, H. A. and E. E. Salpeter—G10 
Birkhoff, Garrett—MA2 
Bieuler, E., J. W. Blue, and A. C. Johnson—T7 
Bloembergen, N. and P. J. van Heerden—16 
Boehmer, H. W. and H. S. Bridge—EA3 
Boggild, J. K. and F. H. Tenney—EA10 
Booth, E. T.—Hi 
Borst, L. B.—M2 
Bottom, Virgil E.—HAS 
Bramson, H. J. and W. a Havens, Jr.—V5 
Branscomb, Lewis M.—W 
Braunstein, R. and J. W. Triechke—IA6 
Bray, Ralph—S6 
Brentano, J. C. M. and E. M. Nakaji—Si1 
Bridge, H., F. Harris, and B. Rossi—A3 
Britten, Roy—A8 
Brockhouse, B. N.—X8 
Brown, L. M. and R. P. Feynman—K8 
Brown, S. C.—F1 
Brueckner, Keith A. and K. M. Watson—V9 
Brueckner, Keith A—N3 
Burstein, E., P. L. Smith, and D. L. Arenberg—HA7 
Callen, Herbert B. and Theodore A. Welton—B4 
Camac, M., D. Corson, R. Littauer, A. Shapiro, A. Silverman, R. Wilson, 

and W. Woodward—vV4 
Carr, E. F. and C. Kikuchi—Y7 
Chang, Chieh-Chien and Boa-Teh Chu—-GA7 
Chapman, S.—U1 
Charnes, A. and E. Saibel—GAI15 
Cheston, W. B.—V2 
Chubb, Talbot—IAS 
Cleland, M. R. and P. S. Jastram—V13 
Cocconi, G. and V. Cocconi Tongiorgi—V7 
Conforto, A. M. and R. D. Sard—V6 
Cool, R. L. and O. Piccioni—EA2 
Crawford, J. W., Jr., E. E. Kintner, and Clark Goodman—I4 
Cronemeyer, Donald C.—HA4 
Darling, B. T.—K15 
Dash, William C.—HA9 
Davis, Kenneth E.—Ai1 
Davisson, James W. and Elias Burstein—HA8 
Deutsch, Martin—P2 
Donaldson, John and W. W. Watson—Bi2 
Dresden, M. and R. L. Petritz—B2 

Henry E., George S. Stanford, and John M. Olson—G! 

Dunlap, W. C., Jr.—S2 
Edwards, R. R., P. E. Damon, and H. M. Schwartz—T12 
Eisenstein, Julian—Y4 
Elliott, L. G. and J. L. Wolfson—T11 
Ennis, W. W.—DA9 
Epstein, I. J. and K. Lehovec—X12 
Eshbach, J. R. and M. W. P. re ~Q2 
Eyges, L. and S. Fernbach—E. 
Feld, Bernard T.—G4 
Fierz, M.—E2 
Fluke, Donald J.—D10 
Frank, Robert M.—KS 
Fretter, W. B.—AS 
Friedman, Helen L. and James Rainwater—\V 1 
Frosch, R. A. and H. M. Foley—W4 
Furry, W. H.—Bii 
Gailar, O.—I5 
Garwin, Richard L.—DAI15 
Gelinas, R. W. and S. S. Hanna—C3 


Geschwind, S. and R. G. Gunther-Mohr—Z13 

Gilleo, M. Alten—S10 

Goertz, Matilda—X9 

Gokhale, B. V. and M. W. P. Strandberg—OS 

Goldberg, Joshua, Peter G. Bergmann, and Ralph Schiller—Ki! 

Goldberger, M. L., F. Villars, and H. Feshbach—N2 

Goldhaber, Maurice—M4 

Goldman, J. E.—X2 

Goldschmidt, G. H. and D. G. Hurst—HAlI1 

Gove, H. E., and J. A. Harvey—C9 

Grand, S., F. C. Collins, and G. E. Kimball—Wws 

Green, Alex E. S.—B3 

Green, L. C., M. M. Mulder, C. W. Ufford, E. Slaymaker, E. Krawitz, 
and R. T. Mertz—K2 

Greisen, K., G. Cocconi, and L. M. Bollinger—A1 


Gunther-Mohr, R., S. Geschwind, and C. H. Townes—V12 
Hanscome, T. D. and C. W. Malich—DA8 


Hays, E. E., P. I. Richards, and S. A. Goudsmit—Zi2 

Hellens, Robert L.—HAI12 

Heller, Wilfried, and Warren Tanaka—DS 

Heller, William R.—HAI15 

Herb, R. G., J. G. Trump, J. L. Danforth, and E. A. Burrill—12 

Hereford, Frank L.—1A3 

Hill, David L.—G2 

Hiliger, R. E. and M. W. P. Strandberg—Q3 

Hintz, N. M.—DA3 

Holt, R. B. and J. W. Meadows—DA4 

Holzer, R. E. and David S. Saxon—N 12 

Hornbeck, G. A. and R. C. Herman—W1 

Hornbeck, J. A.—F2 

Hornbeck, J. W.—J2 

Horton, C. W. and C. S. McCleskey, Jr.—HA14 

Hughes, Vernon and Gardiner Tucker—L1 

Hull, G. F., Jr. and R. G. Barnes—Yi 

Hutchinson, Franklin—D11 

Isenberg, Irvin—X1 

Jackson, J. David and B. B. Kinsey—Z11 

Jacobs, Donald H. and Michael May—N7 

Johnson, G. W., H. Palevsky, and D. J. Hughes—Z10 

Johnson, H. R., J. G. Ingersoll, and M. W. P. Strandberg—Q4 
Johnson, M. H. "—Bi4 

Johnson, T. H.—M3 

Kachickas, G. A. and L. H. Fisher—IA4 

Kaplon, Morton F.—N4 

Karnaugh, Maurice and Henry Margenau—Y6 

Kauffman, John and Waller George—D3 

Kerner, Edward H.—K1 

Kessler, Karl G. and William F. Meggers—Y2 

King, Gilbert W. and A. G. Emslie—W9 

Kittel, C—HAI1 

Kip, Arthur F., R. Malvano, and Charles F. Davis— V3 

Klahr, C. N.—S3 

Koisky, H. G., T. E. Phipps, N. F. Ramsey, and H. B. Silsbee—12 

Koski, W. S.—110 

Kramer, R. L. and J. H. McMillen—GAIi2 

Kraybill, H. L.—EA4 

Kuczynski, G. C. and R. W. Landauer—X5 

Kundu, D. N. and M. L. Pool—DAi3 

Laitone, E. V.—GA2 

Landauer, Rolf W.—Si4 

Landon, H. H.—DA7 

Langer, L. M. and R. J. D. Moffat—T10 

Lauritsen, C. C.—P3 

Lax, M., H. Feshbach, G. F. Chew, and H. W. Lewis—N1i 

Lederman, L. M., G. Bernardini, E. T. Booth, and J. H. Tinlot v3 

Lehovec, K.—S8 

Leininger, R. F., E. Segré, and F. N. Spiess—T15 

Lepore, J. V. G11 


Lieberman, D. S., T. A. Read, and L. C. Chang—X3 
Lobb, R. K—GAS 

Luce, R. G. and J. W. Trischka—L7 

Lundby, Arne and Leona Marshall—Ci4 

Macklin, P. A., L. I. Lidofsky, and C. S. Wua—T13 
Maienschein, F. C. and Joe Keagy Bair—1I9 
Malaker, Stephen—Y14 

Malich, C. W.—DAI1 

Mandeville, C. E. and C. P. Swann—Z3 

Marcuvitz, N.—B7 








348 AUTHOR INDEX 


Margolis, Bernard—G5 
Marshak, R. E.—H2 

Marshall, L.— Cis 

Maurer, R. D. and Melvin A. Herlin—R8 

May, Albert—GA13 

McClure, G. W.—A2 

McKay, Kenneth G.—Si 

McKibben, J. L. and Keith Boyer—I1 

McNulty, W. P., Jr. and Franklin Hutchinson—D12 
McReynolds, A. W. and G. W. Johnson—-Z2 

Merz, Walter J.—HA3 

Miller, D. H., E. C. Fowler, and R. P. Shutt—114 
Miller, P. H., D. M. Warschauer, and T. T. Reboul—-S9 
Miller, S. L., J. Kraitchman, B. P. Dailey, and C. H. Townes —Q6 
Millett, Walter E.—Vi2 

Minden, H. T. and B. P. Dailey—W6 

Mobler, Fred L. and Vernon H. Dibeler—N11 
Mooradian, A. J., S. A. Hoshowsky, and W. E. Gordon—GA9 
Moore, D. C.—V10 

Morowitz, Harold J.—D1i3 

Nierenberg, W. A.—L3 

Nix, Foster C. and Frank E. Jaumot, Jr.— X6 

Nowick, A. S.—X4 

Ovadia, J. and P. Axel—T3 

Oxley, C. L., R. D. Schamberger, and O. A. Towler, Jr.—-A9 
Patterson, G. N.—MA4 

Peaslee, D. C.—B1 

Perry, Alfred M.—EA8 

Peters, B., H. L. Reynolds, and D. M. Ritson—A6 
Phillips, G. C. and N. P. Heydenburg—DA2 

Pickup, E. and L. Voyvodic—EA1 

Pitkanen, Paul and W. H. Furry—B10 

Plass, Gilbert N. and John A. Wheeler—kK7 

Pollard, E. C.—P4 

Pollard, Ernest and A. E. Dimond—D6 

Pool, M. L., D. N. Kundu, P. E. Weiler, and T. W. Donaven—DAi2 
Potter, C. A., A. V. Bushkovitch, and A. G. Rouse—1L4 
Pound, R. V.—Y13 

Preston, W. M. and Clark Goodman—13 

Prince, M. and Melvin A. Herlin—RS5 

Pryce, M. H. L.—E1 

Rabi, I. I.—J1 

Racah, Giulio—G7 

Rado, George T.—X7 

Rainwater, James and W. W. Havens, Jr.—P 1 

Ramsey, N. F.—Y8 

Reed, S. G., Jr.—GAI4 

Reitz, John R. and J. L. Gammel—S15 

Reynolds, Geo. T., F. B. Harrison, and D. Hill—1!11 
Richardson, John M.—IA1 

Richman, Monroe F.—112 

Rinehart, John S.—N6 

Ringo, G. R., M. T. Burgy, and D. J. Hughes—Zi 
Roberts, D. M. and R. M. Steffen—T6 

Roberts, James H., Lillian Darlington, and Jack Haugsnes—C7 
Robson, J. M.—E3 

Rochlin, R. S. and B. D. McDaniel—C1 

Rogers, John D. and Dudley Williams—L6 

Rorschach, H. E., Jr. and Melvin A. Herlin—R3 
Rosenfeld, A. H., L. Marshall, and S. C. Wright—-C16 
Rosenthal, Jenny E.—N8 

Ross, Frederick W.—GA3 

Rothstein, Jerome—K14 

Rubinson, William and William Bernstein—T 14 

Ryder, E. J.—S4 

Schaaf, S. A. and F. S. Sherman—GA11 

Scheliman, J. A. and W. Kauzmann—HA13 

Schiff, Harry—G9 

Schmidt, F. H., G. L. Keister, D. I. Meyer, and W. E. Gross—I8 
Schmitt, Roland W.—R7 

Schulz, L. G.—HA10 

Schwartz, R. N.—B15 

Schweinler, H. C.—HA2 

Scott, W. T.—EAS 


. 


Seidl, F. G. P., H. Palevsky, R. F. Randall, and W. Thorne—Z9 

Seitz, Frederick—S12 

Selove, W.—Z6 

Setlow, R. B.—D8 

Shaknov, I.—T9 

Shapiro, Anatole M.—EA7 

Shapiro, S. and T. A. Read—X1! 

Shaw, R. P.—GA& 

Shearer, J. W. and M. Deutsch—V11 

Sheer, C., J. Tittman, W. W. Havens, Jr., and L. J. Rainwater—-Z5 

Shockley, W.—SS 

Shoolery, J. N. and R. G. Shulman—L8 

Shutt, R. P.—113 

Siegel, K. M.—-GA10 

Silverman, Shirleigh—\W 2 

Frank J. and Edward C. Campbell--Z8 

Slater, J. C.—J3 

Slawsky, Z. I.—MA3 

Snowdon, S. C.—N10 

Spencer, L. V. and Fannie Stinson—W 11 

Sperduto, A. and W. W. Buechner— DAS 

Spetner, L. M. and J. S. Clark—Vi4 

Stearns, M. B. and B. D. McDaniel—C8 

Steele, M. C.—R6 

Steinberger, J.—H4 

Stelson, P. H. and W. M. Preston—DA10 

Stevenson, Donald T.—T8 

Stoner, R. G.—GA6 

Strauch, Karl—C4 

Sun, K. H., D. Harris, F. A. Pecjak, B. Jennings, A. J. Allen, and J. F. 
Nechaj—Cs 

Swann, W. F. G.—B6 

Talley, R. M. and A. H. Nielsen—W7 

Teller, Edward—MAt1 

Terrell, James—Cil 

Tetenbaum, S. J.—LS 

Thaler, R. M. and A. O. Williams, Jr.—K3 

Thomas, H. S.—N9 

Thompson, Arthur C. and Wilfried Heller—D4 

Thorndike, A. M. and A. W. Wotring—A1i0 

Ting, L. and H. F. Ludloff—GA!1 

Tittman, J., C. Sheer, W. W. Havens, Jr., and L. J. Rainwater—Z4 

Trigg, George L.—NS5 

Tucker, E. B.—C6 

Twersky, Victor—W1i3 

Van Dyke, Karl S., Gary D. Gordon, George F. Fisher, and William F. 
Palmer—HA6 

Van Vieck, J. H.—K4 

Van Patter, D. M., H. Enge, and W. W. Buechner—DA6 

Visner, Sidney— B13 

Voyvodic, L. and E. Pickup—A7 

Waldman, B. and W. C. Miller—DA14 

Walker, D.—Ci2 

Wallace, P. R.—B8 

Watanabe, Satosi—K13 

Watkins, G. D. and R. V. Pound—y9 

Watson, Hugh A., D. M. Van Patter, and W. W. Buechner—DA! 

Watson, K. M. and R. N. Stuart—Gi2 

Watson, K. M. and K. A. Brueckner—V9 

Watson, M. T., W. D. Kennedy, and G. M. Armstrong—D2 

Webber, R. T., F. A. Andrews, and D. A. Spohr—R4 

Weiss, M. T. and M. W. P. Strandberg—Qi 

Welton, T. A.—K9 

Whitehead, W. D.--C10 

Whitmer, Robert—B9 

Wick, G. C. and M. May—Wi2 

Wilson, Robert R.—A12 


Wolfenstein, Lincoln—G3 

Wu, C. S. and L. Feldman—T4 
Yaffe, L. and F. Brown—T2 
Yagoda, Herman—V8 

Yearian, H. J.—X10 

Yevick, George—K6 














hee, x 


anes 





